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ABSTRACT 


Tailings embankments have been constructed, in 
the past, with little or no regard to some of the basic 
principles of dam engineering. This has resulted in many 
failures, some with disastrous consequences. These failures, 
along with the growing concern for pollution control, have 
sparked an unprecedented interest in the safety of waste 


embankments. 


This thesis is intended to synthesize design 
criteria for the construction of tailings embankments. The 
general approach followed in anie undertaking has been to 
rationalize the requirements for safe construction in that 


possible wastefulness of overdesign may be avoided. 


The thesis outlines operating conditions under 
which a safe tailings embankment can be built by the 
economical upstream method of construction. High tailings 
dams, however, must be built by the downstream techniques or 
by one of the modified methods presented in this thesis. 

The viability of these methods would, however, depend upon 
the sand recovery from tailings. It is shown that through 
the judicious handling of materials, a fairly high degree of 
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sand recovery can be achieved since a much higher percentage 
of fines can be tolerated in the sand than that presently 


specified at most projects. 


The existing state of under-consolidation of 
slimes is shown to effect the rate of seepage through a dam 
and the other related features in the design of tailings dams. 
New methods of measuring the dominant parameters of in situ 
density and in situ permeability are explored and suitable 
equipment and techniques have been developed. In situ 
density is measured by a nuclear probe and in situ 
permeability above the water table is deduced from a constant 
head infiltration test. Both tests have been applied under 
field conditions and shown to give reliable results. The 
detailed laboratory testing and the field investigations at 
three typical tailings dams have provided a considerable in- 
sight into the requirements of materials handling in the 


construction of a safe tailings embankment. 
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CHAPTER I 


INTRODUCTION 


1.1 .Tailings and the Significance of Their Disposal 


Tailings are a waste product of the mining 
industry. In a typical mining operation, the recovery of 
valuable minerals is achieved by crushing and grinding ore 
to silt and sand sizes, and then subjecting the ground ore 
to a process of "concentration". Although there are several 
other techniques, "flotation" is the most commonly used 
concentration process today and perhaps has been since 
its introduction to the mining industry in 1924 (Encyclopedia 
Britannica). This process consists of treating the ground 
Ore in a bubbling mixture of water and suitable chemicals 
so that the metallic minerals adhere to air bubbles which 
float to the surface and are removed as a concentrate in 
the froth. The remaining ground rock constitutes the 


unusable waste material, commonly known as tailings. 


The volume of tailings to be discarded depends on 
the type of ore and the mining operation. In the case of the 
metallic minerals, ores containing less than one percent 


marketable minerals are being mined at the present time. 
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The new open pit mines in Pee low-grade ores and the tar 
Sands plants, in northern Alberta, are among the largest 
Producers of tailings. The future 0il shale developments 
in the United States, also, are likely to produce some very 


large volumes of tailings. 


In view of the large volumes of tailings produced 
in these operations, the cost of tailings disposal can be a 
Significant portion of the total Capital outlay. For 
example, Tetu and Pells (1971) report that at Brenda Mines 
in British Columbia, of the initial capital Outlay of 
62.3 million dollars required to put the mine into operation, 
8.2 percent (or 5.1 million dollars) was allocated to the 
tailings system. It is further estimated that the on-going 
cost of the disposal facilities at this project is likely 
to be in the range of 5 to 10 cents per ton of tailings 
disposed. With the total amount of tailings estimated to 
be in the order of 175 to 200 million tons during the 
Operating life of the mine, this will Fesulti in ia signif-— 
icant expense in addition to the igitialeomi mil bionwdoliars. 
Because of the high costs involved, the Very. viability of 
the more marginal mining properties can, therefore, depend 


on the economical disposal of tailings. 


Disposal of tailings presents a major potential 
threat to the environment as it May result in the possible 


pollution of surrounding streams and ground water system. 
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The growing awareness of the public for the protection of 
the see Reston is resulting in stringent regulations to 
control the disposal of industrial wastes. Under these 
circumstances, a mining operator has to provide a design 
for the disposal of tailings which is not only safe in the 
conventional engineering sense, but also pollution free, 
before permission may be forthcoming for the development 


of a mining property. 


1.2 Functions and a Brief History of Tailings Dams 
Although the method of tailings disposal followed 


at a few mines involves no more than disposing of tailings 
into the nearest stream or body of water, more generally, 
dykes (or dams) are constructed to create storage areas 
for the disposal of tailings. These "tailings dams" also 
serve to provide initial storage of water for mill start- 
up and temporary storage for water to be clarified for 


reuse in the flotation process. 


Although it is conceivable that some form of 
tailings disposal must have been used throughout history, 
eS tea the earliest tailings dams (as we know them 
today) reported in engineering literature appears to have 
been started in the 1920's. At the present time (April, 
1974), a review of available engineering literature on 
tailings dams or similar embankments for retaining other 


solid wastes, indicates that they are being constructed in 
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many industries all over the worlcl. These include; for 
example, gold mining in South Africa; mining for base metals 
in South America, Africa, the United States and Canada; coal 
mining in many countries; phosphate mines in Florida; china 
clay wastes in southwest England (Ripley, 1973); general 
industry in the storage of chemical waste; and thermal plants 


for storage of ash refuse, to name a few. 


1.3 Past Performance of Tailings Dams 


As tailings are a waste product, their disposal is 
a direct cost to the project without any "dollar benefit". 
It is generally believed that the overriding requirement in 
building tailings dams in the past has been to dispose of 
tailings as cheaply as possible and that the construction 
techniques followed are a reflection of this overriding 
criterion, with little or no consideration for proper 


engineering practice. 


Consequently, the past performance of tailings 
dams has been anything but encouraging. In fact, the mining 
industry has been plagued with failures of tailings dams. 
Hoare (1972) reports that: 

"Major failures have occurred in Canada, United 

States, Chile, Australia, New Zealand, South 

Africa, England and throughout the mining 

countries of Europe." 

Typical of the more serious of these failures are the 


Barahona tailings dam in 1928 and the El Cobre tailings 


dams in 1965 in Chile (Dobry and Alvarez, 1967), and more 
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recently the Buffalo Creek coal refuse dam in 1972 in the 


United States (Osborn, 1973). 


Strictly speaking, failure of the Aberfan waste 
dump in Britain (Aberfan, 1967) cannot be classed as a 
tailings dam failure. It is generally believed, neverthe- 
less, that it is the Aberfan disaster, in which over 100 
school children were killed, that shocked the western world 
out of its apathy to recognize the potential dangers to 
life and property presented by these improperly designed 


waste embankments. 


In 1968, following the Aberfan disaster, the 
Canadian government initiated a study on the stability of 
waste embankments under the auspices of the Canadian 
Advisory Committee on Rock Mechanics (1969). Answers to a 
questionnaire sent to the mining companies, as part of this 
study, indicate that 35 percent of the companies have had 
Stability problems with their tailings dams. The problems 
reported are primarily in the category of serious failures. 
Investigations by Hoare (1972) and his discussions with 
technical personnel on numerous mining operations, however, 
indicate that over 90 percent of the larger mining operations 
have had tailings dam failures of some kind. These failures 
vary from minor slip failures with little resulting damage 


to catastrophic failures. 
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In spite of these large number of failures 
experienced by the mining industry, there has been only 
a small number of failures to tailings dams actually 
reported in the engineering literature, in any detail. Hoare 
Gho.72)..points out that: 


LS erercieena jority Of the Getaills relating to 


the failure of tailings dams are withheld by 
mining officials to protect their interests and 
to reduce the embarrassment of the companies." 


Table 1.1 includes most of the reported cases of 


failures of tailings dams. 


i.4 Mining in Canada — Present and Future 

The mining industry in Canada constitutes an 
important part of the national economy. Latest figures 
available from Statistics Canada indicate that revenue 
from mineral production (including petroleum and natural 
gas) reached an impressive figure of over 5.9 billion 
dollars in 1971, which is an increase of over one billion 
dollars from 1969 and more than double the revenue in 1962. 
Fuels accounted for about 30 percent of the revenue, 
metallic minerals 54 percent, and the non-metallics and 


structural materials the remaining 16 percent. 


Based on the work of Hoare (1972), it is estimated 
that the quantity of tailings produced by the Canadian 
mining industry during 1971 exceeded 400,000,000 tons. In 


terms of tailings produced, iron ore, and copper and nickel 
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based ores are the leaders. It appears that the mining 

of iron ore in Canada has reathed a state of maturity and 
that a larger number of new mines will likely be developed 
in nickel and copper paused ores with particular emphasis on 


the copper. 


In recent years, the advances in technology and 
mining equipment, and increasingly higher prices of metals 
on the world market has shifted the emphasis from the small 
underground operations to large low-grade open pit mines. 
For example, as recently as 1969, there were only three 
Operating mines in British Columbia with throughput capacity 
in excess of 15,000 tons per day. Since 1969, however, at 
least six more large open pit mines have been put into 
production with the largest one at a throughput capacity of 
about 38,000 tons per day and several more are at various 


stages of planning. 


The present forecasts indicate that production 
of nickel and copper in the Canadian mining reat ye will 
continue to increase to claim its full share of the ever 
increasing world demand and that most of the growth in 
production will come from large low-grade open pit mines. 
It is anticipated that the new large nickel mines will be, 
essentially, located in Ontario and Manitoba, and the copper 


mines in British Columbia. 
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Typically, each of these large open pit mines will 
produce tailings in excess of 200 million tons requiring 
some exceptionally high tailings dams. Several tailings 
dams being planned at the present time or envisaged for 


the future will be in excess of 500 feet in height. 


1.5 Recommendations of the Sub-Committee on Stability of 
Waste Embankments and Reason for This Investigation 


In 1968, a study was undertaken by the Sub-committee 
on Stability of Waste Embankments under the authority of the 
Canadian Advisory Committee on Rock Mechanics. The general 
goals of the study were: 

i) to define the problems of stability of 
tailings dams, waste dumps and ore piles; 
ii) to determine existing controls and 
legislation in Canada; at 

iii) to develop recommendations for design 

guides, education, legislation and research 


in Canada. 


Although all the details of the study are covered 
by the Canadian Advisory Committee on Rock Mechanics (1969), 
a brief outline of the observations and the recommendations 
made by the Sub-committee relevant to tailings dams is 


considered of interest here and is presented below. 
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1.5.1 Observations 
i) The literature review indicated that many 
serious failures of waste embankments have 
occurred throughout the world, including some 
in Canada. 

ii) Based on the results of a questionnaire, 
approximately 35% of tailings dams constructed 
by mining companies in Canada have suffered 

some degree of instability. 
1ii) Stability investigations were only performed 
for 26% of the tailings dams reported. 

iv) . Present Re regulations in Canada generally 
do not require a detailed evaluation of 
stability prior to construction. | 

v) Ninety-four percent of the mining engineers 
who submitted completed questionnaires indicated 
that it is desirable to establish definite 
guidelines for the design and construction 


of waste embankments. 


1.5.2 Recommendations 
In view of the above observations, a brief outline 
of the recommendations made by the Sub-committee follows: 
i) a design guide for the investigation, design, 
and construction of waste embankments should 


be developed; 
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iv) 


education programs through universities (both 
in extension and undergraduate courses) and 
through the Ganaanta Institute of Mining and 
Metallurgy, which deal with the basic 
considerations of stability should be 
encouraged; 

the provincial governments should be informed 
of the current practices in connection with 
construction of waste embankments, of the 
value of specialists trained in stability 
engineering in appraising design and of the 
value of periodic inspection of major waste 
structures; and 

new programs should be established to include 
practical eeeeiiet relating to site investi- 
gations, design, construction, maintenance 


and inspection of waste embankments. 


Lo .37 “Reason zior Tis Investigation 


In accordance with the Sub-committee's recommend- 


ations, the following steps have already been taken: 


2) 


et) 


the Department of Energy, Mines and Resources 
(1972) has prepared a "Tentative Design Guide 


for Waste Embankments in Canada"; 


several universities, including the University 


of Alberta, have held workshops on the design 


of tailings embankments for representatives 


10 
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of the mining industry at large; and 

iii) several provincial governments are preparing 
regulations to control the design and 
construction of tailings embankments as 


discussed in the next section (1.6). 


Following the general intent of the Sub-committee's 
fourth recommendation, the present investigation has been 
undertaken to carry out practical research in soil mechanics 
relevant to design and materials handling for the 
construction of economical but safe tailings dams. Some 
research work has already been done by Hoare (1972). It 
is felt that although Hoare's work is likely to be of value 
in planning tailings disposal systems, it provides only a 
limited amount of soil mechanics input into the design of 
tailings dams and hence, forms only a general but certainly 
a valuable background for this work. Pertinent aspects 
of Hoare's work will be discussed in detail and incorporated 


into this study where applicable. 


serenO Legislation and Environmental Requirements 


There are two aspects of tailings dams that 
involve public concern. One, that involves a failure of a 
tailings dam in which large volumes of water and semi-fluid 
tailings are released which may not only cause extensive 
downstream pollution but also pose a serious threat to 


life and property; the other, that relates to the 
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possibility of pollution, under normal operation, in which 
effluent may escape through or around a tailings dam and 
pollute streams or ground water system of the surrounding 
area. In recent years, pollution control has become a 
very topical and contentious issue with the public. 
Consequently, under increasing public demands, there has 
been a trend towards stricter regulations affecting all 
aspects of design, construction and operation of tailings 


dams. 


One of the observations reported by the Sub- 
committee on Waste Disposal, as discussed in Section 1.5.1, 
was that the existing mining regulations, at that time, did 
not require a detailed evaluation of stability prior to 
construction of tailings dams - much less anti-pollution 
measures. Since then, however, governmental regulatory 
agencies across Canada have been moving with haste to 
establish appropriate control regulations. For example, 
in British Columbia, some very strict regulations were 
established in 1971 (Klohn, 1972B), which are considered 
to be typical for future mines in Canada. A copy of the 
above regulations issued under the authority of the Chief 
Inspector of Mines, in British Columbia, is presented in 
in Appendix A. Appropriate steps are also being taken 
in the United States to establish similar regulations 


(OSb6rny 209.73)? 

















“Hiaiw af qnoiieego femson 5 a 20 NS 
ine mb putts © bavoun a d snes oie : 

parbavorwe eft 10 moseye ale Sie ee 

& Shiooed apd Lois s09 nolsut log: ve 

.pkiduq sit dtiw eveet- evotsnesn0d. tiie teoigoe 

es’ oxeds vebnemed oitdud patesetont asbays ,yisas 

iis paidostts anoitalupsx astoixte ebrswos Brex3 s m9 

apnified to fotiszego bas no biousden09 wipiasb 6 eset 


i 7 


«due eft yd bedrodet enol sevisedo ad? to snO year 4 


yi.@.f moigose nat beaevoeib ab fecoaeta etes6W a0 osd3immoD 
Hib ,emit ted+ 3s yenoitsiyper piinim paiseixs ont jad ssw 


an chy 


oF totag ydhtidesea to notseulsyS bofisteb & otiuper fon 


motsuliog- i365 aesl doum - ameb epniiiss to seerrins) 
eae  yrotslupst isdaemazevep “zevewod .aedt sonte -aawesom 
ot adapd ahi paivom. -m9sd Syed s5sn5) seoros eeiomep 


yelqmexe 10% .enoidsinpes loxtnoo-ets txqoxdgs: pros 

7 a 
ae 
hewebtenos sxe doidw , (acres aol): IveL ai went 


rl 


sit9w enottsivpex doissay ade wede vSitdmLod r 





erit to yqoo A “sis m69 ak. ‘Benim Srday 07 4 ai ‘ 
teiAd sit to — = ent xobsu poseai” - s Dug > vod. i 


ise ood 


a 


13 


1.7 Historical Review of Interest in Tailings Dams 


Detailed considerations of literature on previous 
studies, investigations and observations relevant to various 
aspects of tailings dams will be dealt with in appropriate 
sections of the thesis. Only a brief discussion is 
presented at this time to trace the historical development 
of engineering Wreredt and involvement of the geotechnical 


profession in the design and construction of tailings dams. 


Until recently, most papers reported in engineering 
literature had been authored by the supervisory staff from 
the mining industry; the papers were generally descriptive 
in nature, essentially outlining the procedures and 
techniques being used at various mines for the disposal 
of tailings. Within the last 5 to 7 years, however, a host 
of papers have been presented by geotechnical engineers, 
outlining design requirements for safe tailings dams 
based on considerations of basic principles of soil mechanics 
and earth dam engineering. These papers have generally 


tended to be qualitative in nature. 


ry summary , interest in the safe design and 
construction of tailings dams has been steadily growing 
in the last decade or so, as evidenced by the increase in 
technical papers on the subject culminating in the First 
International Tailings Symposium held in Tucson, Arizona, 
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1.8 . Scope, Objectives and Organization of the Thesis 


Tailings dams may be constructed of waste rock 
from the mining operations, borrow fill from other sources, 
or peated caged of sands recovered from tailings. It is 
thought: that where waste rock or borrow fill is used as 
Eee an materials, the tailings embankments can be 
adequately designed by procedures commonly followed in 
conventional rock and earth fill dams. Furthermore, 
requirements and considerations for site investigations, 
and assessment and preparation of foundation materials are 
essentially the same as those for conventional water storage 
dams. Therefore, only the embankment itself, when it is to 
be constructed primarily of tailings sand, is considered in 
this study. The remarks made in this thesis, can also be 
taken to apply when borrow materials are used to augment the 


available sand supply. 


The objectives of this study are to investigate 
and synthesize requirements for design and materials handling 
for construction of tailings dams. In order to achieve 
the objectives of the study a detailed and systematic 
investigation is first undertaken to determine physical 
properties of tailings materials and obtain much needed 
performance data on the more important factors affecting 
the design of tailings dams. Contents of the various 


chapters of the thesis are summarized below. 
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Chapter II presents an outline of the basic 
principles of soil mechanics and earth dam engineering 
which are considered to constitute the present state-of- 
the-art of design and construction of tailings dams. A 
brief outline of the critical review of the present state- 
of-the-art and possible areas or, intended research is also 


included in this chapter. 


The details and test results from a systematic 
laboratory testing program undertaken as part of this study 
are presented in Chapter III. Various tailings materials 
Fon several typical mining operations are included in this 
testing program. Where necessary for comparison purposes, 
standard Ottawa sand and sand from the Fraser River in 


British Columbia are also included. 


Field investigations are undertaken to perform 
necessary testing and collect performance data on the more 
important factors affecting the design of tailings dams. All 


pertinent details are presented in Chapter IV. 


Chapter V.outlines a new method of computing 
seepage flow through tailings dams. All other related 


details are also included. 


A review of the possible earthquake effects on the 


stability of tailings dams to be constructed in seismic areas 
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is presented in Chapter VI. 


Chapter VII deals with the synthesis of design 
criteria relevant to the selection of construction materials 
and materials handling. A few suggestions for improvements 


in construction techniques are also discussed. 


Chapter VIII presents a summary of conclusions 
drawn from this investigation and a few suggestions for 


future research. 
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CHAPTER II 


CURRENT PRACTICE OF DESIGN AND 


CONSTRUCTION OF TAILINGS DAMS 


2.1, | Introduction 

Traditionally, tailings dams have been constructed 
by the mining companies generally using in-house empirical 
expertise based on many years of experience and observation 
but with little or no consideration for the appropriate 
engineering principles and hence, with frequent failures 
in certain cases. For example, Gordon (1966) reports a case 
where one of the larger mining companies experienced 
seventeen failures over a period of seven years at a 


Single mining property. 


In the last decade, in view of these failures, 
the growing awareness of the public for the protection of 
the environment and the need for pollution control, the 
design of tailings dams has come under critical scrutiny 
by the governmental regulatory agencies. Consequently, 
stringent regulations have been established or are forth- 
coming shortly to control the design and construction of 
tailings dams. At the present time, the general consensus 


is that the tailings embankments must be designed to meet 
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standards comparable to those which are considered necessary 


for the safe design of conventional water storage dams. 


A detailed consideration of the many factors 
affecting the design of tailings dams is essentially beyond 
tne scope Of this study. Thus, only a brief description 
of the basic concepts relevant to soil mechanics and 
materials handling RaSh are considered to represent the 
present state-of-the-art of design and construction of 
tailings embankments is presented in this chapter under the 
following headings: 

i) different construction methods, 

ii) design criteria, and 

iii) thoughts on inherent characteristics of 
tailings embankments constructed by the 


different methods. 


A more complete description of all factors 
rele vault tO tie design and Construction. Of tailings dams 
has been adequately covered in the "Tentative Design 
Guide for Mine Waste Embankments in Canada" by the Department 


of Energy, Mines and Resources (1972). 


A critical review of the present state-of-the-art 
and possible areas for intended research is also included in 


this chapter. 
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2.2 Different Construction Methods 

In all tailings embankments, initially, a 
relatively low starter dam is constructed oa borrow material 
using methods and design criteria for conventicnal water 
storage dams. The "starter dam" provides a reservoir of 
sufficient size for the storage of water for mill start-up 
and tailings disposal during the initial stages of the milling 
Operation. As the pond level rises and approaches the crest 
level of the starter dam further suitable material is added 


as required to raise the height of the embankment. 


The design of a tailings dam is greatly influenced 
by the method of construction used in continuously raising 
the height of the embankment to maintain a crest level 
higher than the ever rising pond level due to the disposal 
of tailings in the reservoir behind the dam. When an 
embankment is constructed predominantly of sand recovered 
from the tailings, there are three basic methods of 
construction which are commonly employed. These 
construction methods can be described as: 

- the upstream method, 

- the downstream method, and 


- the centreline method. 


22, ..-R The Upstream Method of Construction 


In this method, the crest of the dam is progress- 


ively shifted in an upstream direction as the height of the 
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dam increases so that the starter dam forms the downstream 
toe of the ultimate embankment. This is the oldest method 
of constructing tailings dams, and is a natural development 
from the procedure of disposing of tailings as cheaply as 
possible. Total tailings are discharged by spigotting in 
an upstream direction off the top of the starter dam. The 
height of the embankment is raised as required by placing 
dykes as shown in Figure 2.1. Except for the initial 
starter dam, all subsequent dykes rest in part on the 

dyke below and in part on the surface of the previously 
Spigotted tailings. These dykes are constructed of 
materials obtained by one of the following methods: 

i) generally by dragging up sandy material Here 
the tailings beach which forms in front of 
the spigots, 

1i) sometimes by borrowing material from the mine 
spoil or other suitable source, or 
iii) by using cyclones to separate sand from the 
tailings to expedite construction of the dykes. 
Another method of raising the height of the dam, often 
followed in the past and still followed at a few sites, 
involves using vertical timber forms to raise the dam in 
2nbos Sicootiamerementss® Figure 22'2ias ‘an 4llustration’ of a 
dam being built by this method of construction. The 
tailings dam at Craigmont Mines to be discussed in a later 


chapter is being constructed by this technique. 
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2.2.2 The Downstream Method of Construction 

Construction is carried out in ele method by 
placing the coarser fraction of tailings (sand) on the down- 
stream side of the starter dam so that the crest of the 
embankment is progressively shifted in a downstream 
direction and the starter dam forms the upstream toe of 
the final dam. Although Jigins (1957) has reported a 
tailings dam in Chile being constructed by the downstream 
method in 1929, this method of constructing tailings dams 
is generally considered to be a relatively new development. 
Figure 2.3 illustrates a tailings embankment being 


constructed by the downstream technique. 


2.2.3 The Centreline Method of Construction 

This type of pore recto iSy essentially, a 
variation of the downstream method where the crest of the 
embankment is not shifted in the downstream direction but 
raised vertically upwards above the crest of the starter 


dam. The centreline technique is illustrated in Figure 2.4. 


230 Design Criteria 


Although there are numerous minor and detailed 
considerations involved in the design of a tailings dam, 
the most critical items are those related to the seepage 
of water and the stability of the structure under both 
static anid earthquake loading conditions. A brief discussion 


of these critical factors relevant to the design of 
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tailings dams follows. 


2.3.1 Seepage Control 


2.3.1.1 Overview 

As in the case of a conventional water storage 
dam, there are two requirements for seepage control for a 
tailings dam that must be considered - one that relates to 
the quantity of water seeping through the dam and the other 
that relates: to its effects on the stability of the 
structure due to high pore pressures and/or high seepage 
pressures and resulting erosion. Requirements for water 
Supply .aand pollution. control en necessitate the use of 
special design features such as impervious liners, impervious 
cores, cut-offs, etc., to minimize seepage through the dam. 
But usually, it is the second requirement which is more 
Critical and warrants careful consideration in the design 
of tailings dams. With regard to this aspect of seepage 
control, there are two basic conditions that must be met in 
the design - one, to improve stability, the phreatic surface 
must be maintained well within the embankment and the other, 
to minimize erosion and a possible piping failure, water 
must not be allowed to seep through the face of a sand slope. 
Further comments on the effect of these two design 


requirements on the stability of the tailings dams_ follow. 


Space a Rage Effect of Phreatic Surface on Sidi La ty, 


The position of the phreatic surface within an 
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embankment has a marked influence on its stability. As an 
example, let us consider the case of an infinite slope 
comprised of cohesionless sand - first with and then without 
seepage. When there is seepage through the slope so that 
the phreatic surface or water table coincides with the 
surface of the slope, the steepest angle at which this slope 
will be stable, regardless of the height of the slope, can 
be computed from 
ys a 
tan Ca ee een, Wo soy tan gp! Pe eae Lt) 
Ve 


where &® is the slope angle, 


Y¥, is the total unit weight of the material 


ic 
in the slope, 

Yes is the unit weight of water, and 

@' is the angle of shearing resistance of 


sand in terms of effective stress (c'=0). 


Assuming a value of 120 pounds per cubic foot for Y,and of 
35 degrees for f', we get 18-1/2 degrees for the slope angle 
(3 horizontal to 1 vertical). Whereas, when there is no 
seepage through the slope, the steepest angle for the slope 
is equal to the angle of shearing resistance of the sand 
which is 35 degrees (1.4 horizontal to 1 vertical) - more 
than twice as steep as that for the with-seepage case. The 
Situation in a tailings dam usually is between these two 


extremes. Nevertheless, it is indicated that the lowering 


Of phreatic surface increases the stability of the embank- 
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ment, thereby permitting steeper downstream slopes and 
resulting in a reduced quantity of fill required for 


construction. 


ingithe caseiofintailingsidams, in addition*to the 
stability considerations under static loading conditions 
as discussed above, the lowering of the phreatic surface 
also increases stability against failure by liquefaction 
under earthquake or dynamic loading. This point is discussed 


in more detail in a later section of this chapter. 


2.3.1.3 Effect of Seepage Through Downstream 
Slope on Stability 


The force imparted to the soil grains by seepage 
of water may be computed from 
i en NG Ben? 22) 
where A is seepage force in lb/cu ft 
i is hydraulic gradient, and 
ihe is unit weight of water in lb/cu ft. 
Thus, if the seeping water has a large exit 
gradient when leaving the downstream slope, a potentially 
unstable situation may arise and a piping failure may 
result. Even if the exit gradient is small, water seeping 
through a sand slope can cause localized erosion and hence, 
instability near the toe of the slope and ultimately the 
entire slope if leftrto run its course’. To prevent piping 


failure or erosion due to the seeping water, protecting 


filters are commonly employed. The portion of the slope 
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where seepage occurs, is, nevertheless, subject to 


considerations discussed in the previous section. 


In a properly designed seepage control, consider- 
ation also must be given to eliminate the detrimental 
effects of frost penetration. In areas where seepage is 
occurring, frost penetration may result in impeded drainage 
and thus a higher phreatic surface and sloughing of the 


Slope on subsequent thawing. 


Figures 2.5 to 2.7 illustrate various methods of 
seepage control employed in the case of conventional water 
storage dams. Similar techniques, properly modified, can 
provide adequate seepage control in the case of tailings 


dams. 


2.3.2 Stability Considerations 

A list of minimum safety factors suggested in the 
"Tentative Design Guide for Mine Waste Embankments in Canada" 
by the Department of Energy, Mines and Resources (1972) 
is given in Table 2.1. It is assumed that an appropriate 
stability analysis has located the critical failure surface 
and that the parameters used in the analysis are known with 
reasonable certainty to be representative of the actual 


conditions that will exist in the embankment. 
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Where the ratio of residual to peak shear strengths 
is 0.9 or greater, the embankment design can be based on the 
peak strength values using the appropriate factors of Baie 
Where the number of field and laboratory test results on 
either the embankment fill or the foundation, soils is small, 
or where the scatter of test results within individual strata 
or zones is large, conservative values of strength and pore 
water pressures should be selected for the design, or, 


alternatively, an increased factor of safety should be used. 


In addition to the stability considerations 
summarized in Table 2.1, in seismic areas, tailings dams 
must also be designed to have an adequate factor of safety 
against failure by liquefaction. Loose and saturated fine 
to medium sands, similar to those used to construct tailings 
dams, are susceptible to liquefaction when subjected to 
cyclic shear stresses and strains produced by earthquake 
shocks. .It.is generally accepted, now, that for any given 
Saturated sand, the danger of liquefaction as a result of 
cyclic loading is governed by the following factors (Seed 
and Lee, 1966): 
i) the density of the sand - the lower the 
density, the more easily liquefaction will 
Occur: 

sl the confining pressure acting on the sand - 
the lower the confining pressure, the more 


easily liquefaction will occur; 


S$ 


enitpaszse wo8ks nS 7 Os ; f 
wit ao Seasd sd m6 
ry . be i % : - ~ 
to edives Pate 
ah BJ it ~F5>9 
ft iw 


SMa ic 


- bHmBe 


ILOM 


- 


=e, S{vecsiGq Atittta 


1oOLtjosptSoypsl 


. 


ta oLssx eng o1ectw 


sdms sft ,xstsetmp x0 °@.0.ef 


led IL Uj 


eoulsay dtpmeute daseg 


1s 5 ‘? to xedmen edd sxrendW 
+ tnominsdees eid tzendtte 


teoxt to zasteoa 3A stenw a0 


evisen ,eprsi #2 8enos xo 
98.56 ie esiveesigq 2e76wW 


yievistsatesis 


r Py ¢ ya an 
‘ isf ai Sesitsmmuae 
i of bsenpiesh sd oels taum 


be 
3 
) 
&% 


u 
© 
= 
r) 
eve 
land 
3) 
K 
G 


. 2Aoode 


"or ; < ‘aleases 


betsxaus6e 


i 


avop alt paibsol offoyo 


Ha = 
(a8eCL ,sel Das 
7. (£ 
} }raneah 
i 2) i AO St aes 
2 sns aswol ons 


yirtess 





29 


iii) the magnitude of the cyclic stresses or 
strains - the larger the stress or strain 
the greater the probability that liquefaction 
will occur; 

iv) the number of arson! cycles to which the sand 
is subjected - the greater the number of 
stress cycles, the more easily liquefaction 


will occur. 


It is noteworthy that the embankment design cannot 
influence the magnitude of the cyclic stresses or number of 
cycles to which the dam may be subjected. Through proper 
design and appropriate construction procedures, however, 


the other two factors might be controlled. 


The general consensus among the engineers involved 
in designing tailings dams is that in situ relative densities 
of 60 percent or larger are required to ensure a reasonable 
safety against failure by liquefaction. See for example, 
Brawner (1972); Casagrande, L. (1971); Department of Energy, 


Mines, and Resources {1972)3 and Klohn (19728). 


Another rather interesting approach is that non- 
saturated sands are not likely to liquefy. Hence, if the 
phreatic surface can be maintained at a position well below 
the surface of the embankment, those materials located above 
the phreatic surface will not be susceptible to lLiquefac- 


tion. Lowering the water levels within the embankment also 
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increases the effective confining pressures acting on' the 
saturated materials below the phreatic surface and thereby 


reduces their susceptibility to liquefaction. 


The design requirements to prevent failure by 
liquefaction have been summarized in the "Tentative Design 
Guide for Mine Waste Embankments in Canada" by the 


Department of Energy, Mines and Resources (1972) as follows: 
".eeee, Providing the materials comprising the 
embankment have a relative density of 60 per cent 
or greater, and/or providing the phreatic surface 
is maintained at a position well below the surface 
of the embankment, the embankment itself will 
have a reasonable degree of safety against failure 
by liquefaction. Liquefaction of the impounded 
tailings adjacent to the upstream face of the 
embankment may nevertheless occur. The mass of 
the embankment should be sufficient to provide 
the required factor of safety against horizontal 
displacement along its base, when the assumption 
is made that the shear strength of the tailings 
adjacent to the upstream face is reduced to zero." 


However, some engineers argue that compacting of 
the sand fill to relative densities cited above is the only 
positive way to ensure safety against failure by liquefac- 


tion (Brawner and Campbell, 1973). 


2.4 Thoughts on Inherent Characteristics of Tailings 


Embankments Constructed by Different Methods 


2.4.1 Overview 
As described previously in Section 2.2 of this 
chapter, there are basically two different methods of 


constructing tailings dams - the upstream method and the 
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downstream method (with the centreline method as its 
special case). Almost all of the existing tailings 
embankments have been constructed using the upstream 
technique. Hoare (1972) reports that 

"A review of the national survey on tailings dams 


indicates that 95% of the hydraulic dams in Canada 
are constructed by spigotted methods." 


In view of the many failures that have been 
associated with tailings dams , the design of these structures 
has come under critical eviee in the last few years. The 
downstream method of constructing tailings dams appears to 
be essentially the result of these recent reviews. At the 
present time, the general consensus in the engineering 
profession is that for a given height and downstream slope, 
a dam constructed by the upstream method has a lower factor 
of safety than that of a dam built by the downstream or 
centreline methods and that the dam built by the upstream 
method is in particular danger of failure by liquefaction 
in the case of an earthquake. Some engineers even go as 
far as to state that all but very minor tailings dams 
should be built by the downstream or centreline methods 
of construction (Klohn, 1972B). A more detailed description 
of current thoughts on the inherent characteristics of the 


tailings dams constructed by the different methods follows. 
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2.4.2 Tailings Dams Constructed by the Upstream Method 
2.4.2.1 General Background 


Although no definite figures are available, 
it is generally considered that the chief advantage of 
the upstream method of constructing tailings dams is its 
simplicity and resulting low cost of construction. Except 
for construction of the relatively small exterior retaining 
dykes, all material is discharged hydraulically in an up- 
stream direction so that excess tailings along with the 


water flow into the pond. 


As the upstream method appears to have gained 


popularity with the mining operators mainly because of the 


Tow cost and ‘simplrerey of construction ;“by fandtslarge little 


or no attention has been paid to even the most basic 

principles applicable to the design of earth-fill dams. 
Thus, many dams built by this method have failed, some 
with great loss of life and property as listed in Table 


ee lin tie? PreviOus Chapeer. 


Ze eae Construct .on and “Macterzals (Handling 


With the upstream method, an initial starter dam 
is constructed at the downstream toe of the final dam. The 
crest of the dam is raised by placing subsequent dykes 
located on the upstream side of the starter dam. All 
tailings are spigotted in an upstream direction from the 


top of the dam so that a tailings beach is usually formed 
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between the spigots and the pool in the reservoir. A 
typical layout for a dam being built by this method is 


illustrated in Figure 2.1. 


In the upstream method, tailings are subjected 
only to gravity separation on the beach - the coarse sand 
particles drop out closest to the point of discharge and 
the finest particle sizes (slimes) along with the excess 
water flow, into ttheppond.ed It is generally believed that 
once the material enters the water in the pool it sediments 
more or less as a homogeneous slurry into a consistency of 
very soft silt. As the length of the beach can vary 
according to the time of the year, with the shortest length 
occurring during the spring runoff into the pond, the 
beach deposit may be underlain by thin layers of soft 
slimes (unsorted fine tailings that sediment initially in 
water into a consistency of very soft silt) deposited during 
these periods of high water levels in the pond. Also care- 
less spigotting, for example, infrequent change in areas 
being spigotted, can cause back-ponding in the neighboring 


beach areas with the same results. 


The coarse material (sand) from the beach is 
generally used to build the subsequent dykes required to 
raise the height of the dam as previously discussed in 
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To expedite construction of the dykes, on occasion, 
hydrocyclones are employed to separate sand from the tailings 
but, by and large, the tailings are discharged in an upstream 
direction in a manner similar to that used in the "all- 


spigot" operation described above. 


Generally, the material in the dykes or the beach 
is not subjected to any mechanical compaction other than 
that which may be obtained by normal operation of equipment 


used for construction of the dykes. 


24.2.3 “Stability Considerations 
As the height of a dam constructed by the upstream 


method increases, each successive dyke moves farther up- 
stream. Consequently, the dykes form only the thin exterior 
shell of the retaining embankment. Thus, with the increasing 
height of the dam, the stability of the downstream slope is 
dependent, to an ever increasing degree, on the shear 
strength of the tailings deposited upstream of the dykes. 
Furthermore as the height increases (depending on the length 
of the beach, of course) the upper portions of the dam may 
overlie soft slimes previously deposited near the base of the 


embankment or in thin layers within the beach sand. 


Qualitative sstability .considerations »will tend 
to indicate that there is perhaps only a limited height to 


which tailings dams can be constructed under these circum- 
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stances without the danger of a failure in the downstream 
direction through these underlying layers of low strength 
slimes. Furthermore, tailings dams constructed by this 
method are generally considered to be particularly suscept- 
ible to failure by liquefaction at any height (Casagrande 
and MacIver, 1971). The Breecne thinking on the suitability 
of this method for constructing tailings dams has been 
summarized by Klohn (1972B) as follows, 

"Upstream dam building is: unsuitable for areas 

where the dam must be designed to resist earth- 

quake shocks. Even in non-seismic areas this 


method of construction is generally unsuitable 
for all but very minor tailings dams." 


2.4.3 Tailings Dams Constructed by The Downstream 
or Centreline Method 


2.4.3.1 Overview 
At the present time, it is thought that the 
downstream and centreline methods of construction are 
far superior to the more traditional upstream construction 
and that by these methods’ tailings dams can be constructed 
to any degree of competency (including resistance to earth- 
quake forces). Some of the desirable features of 
constructing tailings dams by these methods are 
i) mone of the embankment is built on top of 
the previously deposited slimes, 
ii) placement and compaction control can be 
exercised as required over the fill operation, 
and 


iii) underdrains can be installed for seepage 
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control as required. 


The major disadvantage of the downstream method of 
construction is the large volume of sand required to raise 
the dam. This problem is somewhat reduced by using the 
centreline method which requires a smaller volume of sand 
fill to raise the crest of the dam to a given height. In 
the critical early stages of the operation, however, still 
it may not be possible to produce sufficient volumes of 
sand to maintain the crest of the dam above the fast rising 
pond levels. If this is”the case, then either’ a higher 
starter dam is required or the sand supply must be augmented 
with borrow material. Both of these procedures add to the 


initial cost’ of the’ facility. 


Another disadvantage of the downstream construction 
method is that the downstream slope is always changing during 
construction and is therefore constantly exposed to erosion 
by wind and rain water. No erosion protection can be applied 
to the slope until after the dam is fully completed. A 
further discussion of some of the more salient features 
which control the viability of the downstream methods of 


constructing tailings dams follows. 


Ze4ias2.  Mecniods Or Separating Sand from Tailings 


All methods of constructing tailings dams which 


utilize tailings as the primary construction material require 
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some degree of separation of the sand from the tailings. 
ee the comer enen upstream method utilizes spigots 

to obtain gravity separation of sand on the beach which 
forms in front of the spigots, the downstream method 
normally uses hydrocyclones. The cyclones permit deposition 
of sand for dam building downstream of the starter dam and 
disposal of slimes (finer portion of tailings) directly into 
the storage pond. For grinds that contain a high percentage 
of fines and/or clay minerals, double cycloning is consid- 
ered necessary to produce suitably clean sand for dam 
construction, Klohn (1972A, 1972B). Cyclones may be located 
in clusters on the dam abutments, with sand piped to the 
dam, or as individual units on the dam itself. 

An alternate process of obtaining sand for the 
centreline method of dam building uses conventional up- 
stream spigotting to obtain gravity separation on an up- 
stream beach and then, by means of mechanical equipment, 
moves the sand to the downstream slope as illustrated in 
Figure 2.8. This method, however, is not likely to be 
practicable where large volumes of sand are required 


(Casagrande and MacIver, 1971). 


Hydraulic sluicing methods are sometimes used 
to obtain separation of sand from slimes. These are a 
refined form of gravity separation. The tailings are 


deposited at one end of a long and gently sloping channel 
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along the crest of the dam, with the sand settling out 
along the base of the channel and the slimes remaining in 
suspension to be discharged at the lower end of the channel 
inte the storage pond. By means of mechanical equipment 
the sand is then moved to the downstream slope. Figure 
2.9 illustrates this method. A variation of the channel 
Sluicing method is to use pipe sluices consisting of half- 
pipe sections incorporating baffles and openings in the 
bottom of the pipe. Coarser sands are retained by the 
baffles and drop through the openings in the pipe onto the 
embankment; the finer slimes flow on to the storage pond. 
Hydraulic sluicing, however, is not likely to be suitable 
where large volumes of sand are required unless tailings 


contain a large percentage of sand sizes. 


2.4.3.3 Characteristics of Sand 

One of the most critical factors affecting the 
_design and construction of tailings dams by the more 
desirable downstream methods is the characteristics of the 
sand incorporated in the embankment. The engineers involved 
in designing tailings dams believe that the sand must be 
free draining. The amount of fines (or slimes) in the sand 
is considered to control Hie quality of the sand. The 
following statement taken from the "Tentative Design Guide 
for Mine Waste Embankments in Canada" by the Department of 
Energy, Mines and Resources (1972) seems to summarize the 


present thinking on the subject. 
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"If the sands deposited on the embankment have a 
relatively high content of clay-like 'slimes', they 
will not only be slow in draining to optimum water 
content, but they will be difficult to handle. 
Coming from the cyclones, with a high water content 
and a high slimes content, they will flow on very 
flat slopes, even to the extent of spreading 
beyond the design boundaries of the embankment. 

In contrast, if the slimes content is low, water 
will drain rapidly from the sands, limiting the 
distance they flow on the embankment and allowing 
Spreading and compaction by mechanical equipment 

a short time after their deposition." 


A review of the characteristics of sand being used 
at some of the new tailings dams under construction reported 
in the literature, as given in Table 2.2. appears to indicate 
that the slimes content is restricted to less than about 


12%. 


2.4.3.4 Methods of Sand Placement and Compaction 


In the downstream construction, various techniques 
of sand placement and compaction are presently being tried, 
ranging from hydraulic filling, (Klohn and Maartman, 1973) 
to systematic placement and compaction in thin layers by 


mechanical equipment, (Brawner, 1972). 


245 5 Seepage Control 


In the downstream methods of construction, the 
cycloned sand is deposited on the dam in a downstream 
direction and the slimes are discharged into the storage 


pond. 
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In addition to a system of underdrains and/or 
a toe drain, an impervious seal against the upstream face 
of the dam is usually considered necessary “or seepage 
control to maintain a minimum flow through the dam and a 
low phreatic surface within the sand embankment. Various 
techniques of employing an impervious seal can be used. 
Brawner (1972), and Hoare and Hill (1970) describe impervious 
seals of borrow material placed mechanically against the 
upstream slope of the dam. Klohn and Maartman (1973) 
describe how a low-permeability slimes beach is formed 
against the upstream face of the dam at Brenda Mines by 
conventional spigotting of the slimes in an upstream 


direction from along the crest of the dam. 


2.5 A Critical Review of the Present State-of-the-Art 
And Possible Areas for Intended Research 


ott eens SL OrLCca! Background 

As discussed previously in Section 2.1, tradition- 
ally tailings dams have been constructed by mining operators 
using in-house staff with a minimum involvement from the 
geotechnical profession. In the last decade or so, however, 
with the ever increasing through-put capacity of the low 
grade open pit mines requiring some high tailings dams and 
in view of the many failures of tailings dams, there has 
been a trend towards stricter regulations whereby geo- 
technical engineers are required to design and make rec- 
ommendations for the construction of tailings dams. Con- 


sequently, in the last few years the geotechnical profession 
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has been hard pressed to produce suitable guidelines for 
constructing safe tailings dams. The geotechnical 
profession has met the challenge rather expeditiously and 
put together appropriate design criteria and guidelines as 
indicated by the many references cited throughout this 
chapter. All the engineers responsible for these efforts 
are to be complimented for doing a commendable job under 


demanding circumstances and without a precedent to follow. 


It must be recognized that many of the design 
criteria which constitute the present state-of-the-art 
have been established without detailed knowledge of the 
physical properties of tailings and benefit of performance 
data which has been late in coming. Hence, at least some 
of these criteria must be considered, at best, interim in 
nature. With this in mind, we must explore possible 
areas for further research so that safe tailings dams may 
be constructed without the possible wastefulness of over- 


design. 


2.5.2) Upstream Construction 
Except for Kealy and Soderberg (1969), Kealy 


(1973), and Blight (1969) all previous investigators appear 


to have concentrated on finding reasons why tailings dams 
constructed by the upstream, method (as now being employed 
at many mines) are subject to failure. Consequently, 


sufficient attention has not been paid to delineate 
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operating conditions under which the upstream method (as 
now used) or some variation of it may be used to construct 


safe tailings dams. 


2.5.3 Downstream Construction 
2.5.3.1 Seepage Control 

The basic technology and experience available 
from the field of conventional water storage dams has been 
used extensively in arriving at the design requirements for 
tailings dams (Klohn, 1972B). It is noted, however, that: 
there are at least two basic differences in these two types 
of dams. First, unlike the conventional water storage dam, 
a tailings dam is constructed slowly by the mining operator 
and the construction usually continues throughout the 
Operating life of the mine. Second, the material stored 
behind a tailings dam consists of a mixture of tailings 


solids and water. 


These differences are well recognized in stability 
analyses when increased hydrostatic pressure is considered 
acting against the upstream slope to account for the combined 
unit weight of water and tailings solids. In assessing 
requirements for seepage control, however, the effect of 
these differences is perhaps much more subtle and requires 


further examination. 


When water rests directly against the slope of 
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an embankment, to estimate the rate of seepage, a flow net 
construction is usually employed, assuming a steady state 
seepage condition; and the location of the phreatic surface 
can be estimated by the methods described by Casagrande 
(1937). In the case of the tailings dam, however, it is a 
mixture of soil solids and water that rests against the dam 
with a possible shallow depth of free water at the surface. 
Furthermore, where rate of slimes build-up in the pond is 
rather ,rapid,.-the tailings against the dam may be in an under- 
consolidated state with excess pore pressures. Under these 
circumstances, a flow net construction as presently 
employed in the tailings dams is anything but appropriate 
and not likely to produce a realistic estimate of the rate 
of seepage through the dam. Need for the development of 


a more appropriate analysis, therefore becomes obvious. 


As previously discussed in Section 2.4.3.5, for 
seepage control an impervious seal is frequently used 
against the upstream face of a tailings dam. This approach 
would have been considered quite appropriate in the case 
of a conventional water storage dam with a homogeneous 
section. For a tailings dam, however, where tailings and 
water rest against the dam with only a possible shallow 
depth of free water at the surface, need for this type of 


impervious seal becomes questionable. 
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2.5.3.2 Sand Yield 

Perhaps, the most critical factor affecting the 
design and construction of tailings dams built by the down- 
stream method using tailings sand as the primary construct- 
ion material is the yield of suitable sand from the tailings. 
Variations in sand yield have a dual effect - a decrease in 
sand yield results in a decrease in the rate at which the 
crest of the dam can rise and an increase in the rate of 
rise of the pond level. The sand yield is dependent upon the 
coarseness of the grind, the efficiency of the separating 
technique (hydrocyclones) and the amount of slimes that can 
be accepted in the sand. But coarseness of the grind is 
generally governed by the milling requirements to liberate 
valuable minerals and hence, the sand yield is dependent 
upon the other two variables only. A detailed further 
investigation into these two variables is, therefore, of 


paramount importance. 


Doty 24 Stability Under Earthquake Loading 


In areas subject to earthquake activity, farraure 
by liquefaction poses the most serious potential problem. 
Under earthquake loading, sands of gradations common to 
tailings dams are susceptible to liquefaction when in a 


loose and saturated state. 


A brief review of case histories where lique- 


faction has been reported to have taken place appears to 
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indicate that liquefaction occurs only when materials are 
loose and saturated or at least nearly saturated. It is 
therefore logical to say that main protections against 
liquefaction are drainage and densification. It can be 
further said that these two requirements may be mutually 
exclusive, at least under suitable circumstances. Although 
Klohn and Maartman (1973) have done some work in this area, 
it is felt that a thorough review of the available infor- 
mation on the case histories of liquefaction is certainly 


warranted. : 


Seed and Lee (1966) have shown that eContining 
pressure has a marked influence on the liquefaction 
potential of a soil. All other things being equal, an 
increase in confining pressure results in a decrease in 
liquefaction potential. It appears that this principle has 
been used to reduce liquefaction potential in the case of 
nuclear power plants (Burke, 1973B). In the case of 
tailings dams, however, although the principle is recognized 
as being beneficial (Klohn, 1972B), it has not been properly 
evaluated. Further research in this area is, therefore, 


likely to be of some value. 


Paps irs, Physical Properties of Tailings 


Generally speaking, there is lack of information 
on physical properties of tailings. The need for a sys- 


tematic study of physical properties of the materials has 
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been adequately summarized by E. E. Osborn (1973), 


Director of U.S. Bureau of Mines, when he said, 
",.....Some facets of earth dam technology, soil 
mechanics, rock mechanics and engineering geology 
Can provide some of the basic knowledge needed 
to bring the mine waste disposal problem under 
control. However, physical properties of most 
mine waste materials have never been thoroughly 
studied. Consequently, their general and 
engineering characteristics are simply not known, 
even to the degree necessary for rapid, accurate 
assessment of the suitability of current disposal 
systems - much less for the design and construct- 
ion of new and better systems. Lamentably, a 
time-consuming program of field and laboratory 
investigation must first be carried out if there 
is to be proper safety evaluation of the materials 
involved in mine waste embankments." 


2.5.6 Possible New Methods of Construction 

At the present time, it is generally believed 
that the upstream method is likely to be unsuitable for at 
least the larger tailings dams of the future; and hence, the 
downstream method must be used. A review of the previous 
sections of this chapter indicates that both of these 
methods have some good points and some inherent weaknesses. 
Neither method is faultless. Further work is, therefore, in 
order to investigate alternative methods or perhaps, some 
variations of the above that reduce some of the undesirable 


features. 
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TABLE 2.1 MINIMUM SUGGESTED DESIGN SAFETY FACTORS 
(After the Department of Energy, Mines and Resources, 1972) 


Case 1* Case 11** 


Design based on peak shear 
strength parameters HLS) AM eee 


Design based on residual 
shear strength parameters Ls dee 


Analysis that include the 

predicted 100-year return 

period accelerations applied 

to the potential failure 

mass aaH2 Lea 


For horizontal sliding on 

base of embankments retaining 

tailings in seismic areas 

assuming shear strength of 

tailings reduced to zero anes) ees 


z Case 1 - Where it is anticipated that persons or 
property would be endangered by a failure. 


**, Case 11 - Where it is anticipated that persons or 
property would not be endangered by a failure. 
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TABLE 2.2 CHARACTERISTICS OF SANDS 
BEING USED AT NEW DAMS 


Percent Passing Name of Dam 
#200 Sieve or Location Reference 
ee eee a ee a 





3% Brenda Klohn and Maartman 
: (19-73) 
7t White Pine Girucky (1973) 
10 Gibraltar Klohn and Maartman 
(1973) 
12** Marindugue Island Brawner (1972) 
Philippines 
| 12 Typical cycloned Burke (1973A) 
sand 
* - Twice cycloned as single cycloning did not produce 


suitable sand. 


** - Estimated from given Dio = .07 mm 
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IRREGULAR 
SLIMES CONTACT 


Figure 2.1 Upstream Method of Construction 


WOODEN BOAROS TO SUPPORT 
SAND OYKES. 







IRREGULAR CONTACT actus: 
BETWEEN SANDS 6 SLIMES are. 


Pigure. 2.2 Upstream Construction Using 
Timber Forms 


Subsequent Dykes 


POND 





SLIMES 


FIRST STAGE DYKE 


Figure 2.3 Downstream Method of Construction 
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Figure 2.4 


Subsequent 


Nie ndera seine 


Centreline Method of 
Construction 
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Figure 2.5 





Figure 2.6 





Figure 2.7 


Phreatic Surface 


eepage Emerges on 
Surface of 
Slope 


Homogeneous Dam 
(No Drainage Facility Provided) 


Phreatic Surface 


Drainage Blanket Drain 


Homogeneous Dam With 
Underdrains 





Phreatic Surface 


Homogeneous Dam With a 
Chimney Drain 
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(After Casagrande and MacIver, 1971) 


Figure 2.8 


Separation of Sand by Spigotting 
in Centreline Construction 


Small dikes forming 
Sands deposited in launder on crest 
launder moved to 


downstream slope 


Sands distributed and TRA 
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Figure 2.9 Separation of Sand By 


Sluicing Technique 
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CHAPTER III 


PHYSICAL PROPERTIES OF TAILINGS 


AS DETERMINED BY LABORATORY TESTS 


3.1 Introduction 

Lteis emphasized in the previous chapter that 
there is a serious need for a detailed and systematic study 
of the physical properties of tailings. A relatively 
extensive program of laboratory testing has been undertaken 
to rectify this situation; the pertinent details are 
presented in this chapter. A limited amount of work on 
the subject at hand has already been reported by other 
investigators such as Pettibone and Kealy (1971), Guerra 
(1973), Klohn and Maartman (1973), Hoare (1972) and Hamel 
and Gunderson (1973). Results of these previous investi- 
gations are incorporated in this chapter where applicable. 
Since some of the materials in this testing program had been 
Classified by cyclones, a brief description of a cyclone 


Classifier and its operation is also included. 


3.2 Materials Tested 

In November, 1971, five, typically large, mining 
companies in Canada were requested to participate in the 
proposed testing program by supplying samples of their 


tailings materials. Table 3.1 includes a brief description 
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of location, ore processed and mining operation, and method 
of separating sand from tailings for all mines that supplied 
materials in response to this request. Mineralogical 
composition of ores at the various mines is presented in 


Table 3.2. 


In addition to the materials described above, 
tests are also performed on additional materials obtained 
at Craigmont, Bethlehem and Brenda mines during subsequent 
field investigations. Tailings materials studied in this 
investigation largely fall into three categories: 

1) tailings - total waste material from a 

concentration plant, 
ii) sands - coarse fraction separated from 
tailings by cyclones, and 
iii) slimes - fine materials left behind after 


removal of sands. 


Where necessary for comparison purposes, standard 
Ottawa sand and sand from the Fraser River in British 


Columbia are also included in the testing program. 


So. aries Description of the Cyclone 


Various methods of separating sand from tailings 
are described in Chapter II. Of all the methods discussed, 
it is indicated that the cyclone (or more precisely the 


hydrocyclone) shows the most promise. Therefore, sands 
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separated by cyclone classifiers are studied in this 
investigation. Design and operation of the cyclone are 
covered in great detail by Bradley (1965). In order to 
fully understand the implications of various stages of 
cycloning used in classifying sands, however, a brief 
description of the cyclone and its operation is included 


here. 


Cyclones are frequently used in mining operations 
as thickeners or classifiers. In separation of sand from 
tailings, the cyclone works as a combination thickener- 
classifier for simultaneous dewatering and desliming to 


obtain free draining sands without excess water. 


BPiduress.e1 llustrates principal features Of 
the cyclone. Tailings slurry is injected into the cyclone 
chamber under pressure and in a tangential direction. The 
tangential injection results in utilizing the fluid pressure 
to create rotational motion of the injected fluid. MThis 
rotational motion causes relative movement of particles 
suspended in the fluid, thus permitting separation of 


these particles either from one another or from the fluid. 


The cyclone chamber at the point of entry is 
ieiativecvylindrical. .t can, remain, cylindrical over its 
entire length though it is more usual for it to become 


conical. The outlet for the bulk of the fluid is usually 
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located near or on the axis of the chamber such that the 
rotating fluid is forced to spiral towards the center to 
escape. The rotational motion of the fluid has, therefore, 
an inward radial component. Particles of a suspended 
material consequently have two opposing forces acting on 
them - one in an outward radial direction due to the 
centrifugal acceleration, and the other in an inward radial 


direction due to the drag force of the inward moving fluid. 


The magnitude of these forces is dependent on the 
physical properties of both the fluid and the suspended 
material. Through proper consideration of these properties, 
separation of one material from another or of a single 


material from the fluid can be achieved. 


In either of the above cases, one product moves 
radially outwards while the other moves radially inwards. 
The cyclone is therefore equipped with two outlets, one on 
each end. Both outlets are usually axial although one 
can be peripheral. The principal features of the cyclone 
shown in Figure 3.1 are the tangential feed inlet, the 
main fluid outlet (or overflow), and the peripheral fluid 
outlet (or underflow). The overflow is taken out through 
a pipe (known as the vortex finder) which protrudes from 
the roof of the cylindrical section. The underflow is 
taken out through an opening in the apex of the conical 


section. The cyclone is normally sized according to the 
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diameter of the cylindrical section. For example, 42 6- 
inch cyclone is one with the internal diameter of the 


cylindrical section equal to 6 inches, 


The cyclone is illustrated in Figure 3.1 with its 
axis vertical. Except for large cyclones operating at low 
pressures, the position of the axis is immaterial. Gravity 
plays no part in the separational forces except in these 


extreme cases. 


In the case of tailings, the cyclone forces sand 
particles to the outside and they are removed through the 
underflow. Slimes along with most of the water are removed 
through the overflow. Some of the slimes along with the 
water in the sands, however, also escape in the underflow. 
A second stage cycloning is sometimes employed. This may 
involve further desliming of the sand from the underflow 
of the first cyclone or recovery of additional sand from 
the overflow of the first cyclone. In this thesis, the 
sand when it is refined by two successive cycles of cycloning 
Eomterined -twiceycyGloned.. The additional sand recovered 
in the second stage of cycloning is described as secondary, 
and the sand from the underflow of the first cyclone or 
when it is subjected to a single cycle of cycloning only 


is described as primary. 
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3.4 Tests on Sands 
3.4.1 Description of Materials 

Figure 3.2 presents grain size distribution curves 
for all sands included in this study. Tailings sands are 
angular to very angular in particle shape except for the 
material from Great Canadian Oil Sands, which is sub- 
angular to sub-rounded. Figures 3.3 to 3.8 are micro- 


photographs of the various sands. 


For identification purposes, the tailings sands 
included in this testing program are named after the mines 
of their origin, such as Brenda sand or Bethleham sand. 

It should be pointed out, however, that the grain size 
distribution of a Scene sand at a typical mine can vary, 
sometimes due to changes in the milling process but more 
frequently due to the ever changing operating conditions 
such as rate of feed to the mill, grade of ore being mined, 
etc. Therefore, the sands included herein are at best 
nominally representative of the materials produced at these 
mines. These comments also apply to the tailings and slimes 


materials described in a later section of this chapter. 


3.4.2 Relative Density Determinations 


To minimize danger of failure by liquefaction, a 
minimum relative density is usually specified for compaction 
control in the construction of tailings dams as discussed 


in the previous chapter. According to ASTM Definitions of 
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Terms and Symbols Relating to Soil and Rock Mechanics 


(D653-67), relative density is defined as 


max oO . 
D (8) =a Se Pe Le x 100 eee Sal.) 
e -e 
max min 
where aes is void ratio at minimum density, 
Cae, is void ratio at maximum density, and 


eo US targGivenwvold: ratio (inesitu or of pa 


laboratory sample). 


The determination of the relative density of any 
soil mass or soil specimen, therefore, requires three 
density determinations. Tests have been performed, as part 
of this study, to determine maximum and minimum densities 
for sands included in this program; the results are 
presented in Table 3.3. .In situ density determinations 
Carried out in this study are discussed in the neue chapter. 
All maximum and minimum density tests have been performed 
according to the procedures described in ASTM Test for 
Relative Density of Cohesionless Soils (D2049-69). Standard 
Proctor Compaction Tests (ASTM D698-70) are also performed 
on some of the sands and the results are included in Table 
3.3. Pertinent results reported by other investigators, 
where ASTM Standard Procedures had been used to carry out 
the tests, are also presented. A review of the results 


indicates that there is a much larger range in void ratios 
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at maximum and minimum densities in the case of the highly 
angular tailings sands (.39 to .56) as compared to that for 
the rounded Ottawa Sand (.21). This is in general agreement 
with the recently reported work of Holubec and D'Appolonia 
(1973) entitled, "Effect of Particle Shape On the Engineering 


Properties of Granular Soils." 


5 at ae ee Permeability Measurements 
3.4.3.1 General 


The subject of permeability of tailings sands is 
a very basic one to the safe and economical design of 
tailings dams. There are two aspects of this subject that 
require consideration: 
i) Minimum coefficient of permeability acceptable 
for a sand to be used in the construction of 
a tailings dam, and 
ii) Influence of void ratio, grain size 
distribution and amount of fines (-#200 
Material) on the coefficient of permeability 


of a tailings sand. 


We will concern ourselves herein with the second 
item only; the first item will be dealt with in a later 


Chapter of this thesis. 


3.4.3.2 Previous Studies 


Bates and Wayment (1967) report work carried out 
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at the Spokane Mining Research Centre, U.S. Bureau of 
Mines. The work is based on a multivariable least-squares 
regression analysis of 135 separate permeability tests on 
mill tailings. It is indicated that coefficient of perme- 
ability of a tailings material can be estimated if density, 
specific gravity, and grain size distribution are known. 


The regression equation is as follows: 


~ { ie 
LKs6 Tie Ogee "20s Ly (VR) (D, 9) -085 L (VR) LC) 


+, 194 (VR) (Cc) ~- 56.5 (Dj 9) (Deg) ae. FIZ) 
where Koo = coefficient of permeability, in inches per 
hour at 20-Ce 
VR = void ratio, dimensionless, 
Dig = effective size (diameter in millimeters 


which corresponds to the 10 percent-finer-than- 
size on the grain size distribution curve), 

Cc. eecoerrictene ot runitormucy (De o/Dig)s 

De 4 = average size (diameter in millimeters of the 
50 percent-finer-than grain size), 

Deg = diameter in millimeters of the 60 percent- 


finer-than grain size, and 


L.= natural logarithm (log to the base e). 


The authors have presented Figure 3.9 in support 
of the accuracy of their above regression equation. It 


is noteworthy, at this time, that the calculated values 
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are consistently higher than the measured values partic- 

ularly in the range where permeability varies between 1 to 
10 inches per hour. Typically, this is the range of values 
for tailings sands. We will discuss this issue further in 


a later section of this chapter. 


The test procedure followed in performing perme- 
ability tests included in the above regression analysis has 
been described by Wayment and Nicholson (1964) as "A 
Proposed Modified Percolation-Rate Test for Use in Physical 
Property Testing of Mine Backfill". A brief vesecraption 


of sample preparation and the procedure follows. 


A known amount of ovendried material is mixed with 
a given amount of water to form slurry which is heated to 
a light boil for deairing purposes. After allowing the 
Slurry to cool, it is remixed and poured into a permeameter 
using wash bottle if necessary to complete the material 
transfer. The permeameter is then filled with water and 
attached to a constant head reservoir. Water is allowed 
to percolate through the specimen under a constant head 
condition. After a steady state is reached, the rate of flow 
of water is measured and the coefficient of permeability 
computed. Tests are performed at various void ratios so 
that permeability-void ratio relationship can be esckpiighea 


for a given material. 
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Initially, apparatus and test procedure described 
above were duplicated in the soil mechanics laboratories at 
the University of Alberta. The test results were, however, 
anything but encouraging. Placing of sand slurry into the 
permeameter resulted in segregation of materials in that 
a thin layer of fines formed at the top of the test specimen. 
A test performed on twice cycloned Brenda Sand gave a 
permeability value of 6.5 x Aue centimeters per second. 
However, after the top thin layer of fines (approximately 
2 millimeters thick) was removed, the test gave a perme- 
ability value of 1.1 x ie centimeters per second. Neither 
of these values can be considered to represent the perme- 


ability of the sand in question. 


In view of the above difficulties, the test 
procedure was abandoned. Development of a new technique 
in which segregation of material did not occur was, therefore, 


necessary. 


9245.35 eelLest Procedure Adopted in this Study 


in the test procedure adopted in this study, the 
ovendried material is placed directly in the permeameter. 
Porous discs are provided at the bottom as well as the top 
of the specimen. Once the porous discs are in place, the 
test specimen is allowed to take in water from the bottom 
under a relatively small head until free water is noticed 


above the top porous disc. At this stage, the permeameter 
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is filled with water and attached to a constant head 
reservoir. From then on, the test procedure is essentially 
the same as followed in the previous method. At the same 
void ratio, the permeability value measured for the twice 

3 


cycloned sand cited in the previous section is 6.3 x 10. 


centimeters per second. 


3.4.3.4 Presentation of Results 

Results of constant head permeability tests 
performed on all tailings sands included in this program 
are presented in Figure 3.10. The permeability values are 
plotted as a function of void ratio. It should be noted 
that by Krewe best fitting straight lines through the 
results presented, permeability values can be estimated 


at void ratios other than those used in the tests. 


Permeability values are also estimated using the 
regression equation presented in Section 3.4.3.2. Figure 
3.11 is a plot of measured versus calculated permeability 
values for the sands included in the program. Here again, 
it should be noted that the calculated values are consistently 


higher than those measured. 


In order to examine if permeability of a material 
can be correlated with the amount of fines (-#200 fraction) 
present, the test results are presented in an appropriate 


form in Figure 3.12. The permeability values plotted are 
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those at. a_void.ratio,of 0.9, for materials. tested in. this 
study and the test conditions for results of the previous 
investigations are as described in Figure 3.12. A value 

of void ratio of 0.9 is selected because it is representative 
of the initial densities usually obtained in hydraulic 
placement of tailings sands. A review of the results in 
Figure 3.12 appears to indicate no definite ‘trend of any 
correlation between permeability and percent of fines 


present in the material. 


The above permeability values are again plotted 


ineeioure 3.13 but; this, time, as a, function, o£. D 


LOY 
(where Dig has the usual meaning). The straight line 
representing the empirical correlation of K = bp? * based 


10 
on the work of Hazen (1892) is also plotted in this figure. 


3.4.3.5 Discussion and Conclusions 
The calculated values from the regression equation 
Suggested by Bates and Wayment are generally higher than 


those measured in this testing program. It is thought that 





*. Hazen's.formula is usually written as K = Loops whey 
D 0 is the effective size in centimeters or as R = Dio 


when Dig is_ in. millimeters. 
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this discrepancy is the result of either an inherent weakness 
in the regression equation as discussed in Section 3.4.3.2 
or the differences in degrees of saturation of the test 
specimens due to different testing procedures employed in 
the two testing programs or both. It is recognized that 

the new test procedure adopted in this study perhaps results 
in degree of saturation somewhat lower than 100% in the test 
specimen. It can be argued, however, that the assessment of 
permeability of a tailings sand is required not only in 

a fully saturated condition but also under other conditions 
when the material may not be fully saturated such as on 
rewetting. Furthermore, the values obtained from the tests 


are on the conservative side. 


A review of the results presented in Figure 3.13 
indicates that the permeability of a tailings sand can be 
estimated with reasonable accuracy from Hazen's empirical 
formula K = Dio at a void ratio of 0.9 which is 
approximately equivalent to a relative density in the 


range of 40% to 50% for deslimed tailings sands. 


3.4.4 Shear Strength Measurements 
3.4.4.1 General 


Shear strength of tailings sands can be expressed 
by Coulomb's well known equation 


Sit OF +4/S Caries POT Minute.  ..... (S533) 
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where S = shear strength, 


od normal effective stress, 
@' = angle of shearing resistance in terms 
of effective stress, and 
Gbhazu0 ins 
Or, the above equation may be rewritten as 
S = o' tan ¢g' i: cwoviesasa) 
Generally speaking, ¢g' is a function of the grain 
size distribution, angularity and mineralogy of sand 
particles, density of the sand and the pressure range 
applicable to the situation at hand. For a given sand, 
however, the number of variables is reduced to two only - 
the density and the pressure range. This is well illustrated 
in Figure 3.14 which gives typical Mohr failure envelopes 
for dense and loose sands (Bishop, 1971). Similar results 
arcaLllustrated in eFigure 3.15. fora, tailingsysand,.(Klohn 


and Maartman, 1973). 


3.4.4.2 Results of Triaxial Tests 

Early in the program, a preliminary set of drained 
triaxial tests was performed on various tailings sands. 
The results are presented in Table 3.4. The tests were 
Carried out on small specimens (1.5 inches in diameter 
and 3.0 inches long) in a conventional triaxial equipment. 
The tests were performed in a strain controlled manner at 


a strain rate of .005 inches per minute. 
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The purpose of the tests was to establish a 
correlation between ¢' and density at various confining 
pressures. However, density measurements of test specimens 
in the above testing Peenaaate were suspect because even 
smail errors in measuring the diameter and length of a test 
Specimen appeared to result in a significant error in the 
calculated volume and hence, the density. The above errors 
are considered to be inherent in the technique commonly used 
in forming triaxial specimens of sand because of resulting 
membrane penetration. In the above testing, the problem was 
further aggravated due to the small size of the specimens. 


Any further triaxial testing was, therefore, abandoned. 


wre Results of Direct Shear Tests 

All further testing has been carried out ina 
direct shear box in which more accurate density measurements 
are possible. Tests are performed on two typical tailings 
sands - one (Brenda Sand) typical of the highly angular 


materials and the other Great Canadian Oil Sands (GCOS) 


material which is sub-angular to sub-rounded. For comparison 


purposes, standard Ottawa sand is also included in this 


testing program. 


Except for GCOS sand which is discussed later, 
ovendried material is placed in a shear box of known volume 
and then allowed to saturate prior to application of normal 


load. Tests are performed at various normal pressures 
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nangings rom 6..Jopsidces 1206 psispn Atk each normal pressure, 
tests are performed at 2 to 3 different densities at a 


ratesofiistrainrof).007 inches per minute. 


In the case of GCOS sand, initially ovendried 
material was placed in the shear box and allowed to saturate 
by flooding the reservoir around the shear box in a manner 
Similar to that employed for other sands. Due to the oil 
coating on the particles, however, the sand would not 
Saturate. In fact, except for the thin peripheral zone, 
most of the material in the specimen remained dry. Thus, 
in all subsequent testing the sand has been premixed with 
water and placed in a wet condition. In this procedure, 
it is not feasible to place sand in loose condition and 
therefore tests are performed at relatively high densities 


only. 


The direct shear Bats for the Brenda sand are 
presented in Figure 3.16 in the form of plots of peak ¢' 
versus dry density (after application of normal load) for 
each normal stress selected for testing. Figure 3.17 
illustrates graphs of peak ¢g' versus normal stress at 
selected densities. These plots are generated on the 
basis of the data presented in Figure 3.16. Data for the 


other two sands are presented in Figures 3.18 to 3.21. 


In the case of Brenda and Ottawa sands, direct 
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shear data at loose densities (approximately at zero 
relative density), are plotted in the more conventional 


manner in Figure 3.22. 


3.4.4.4 Discussion of Results 

A review of the direct shear data presented 
indicates that ¢g' is a function of the normal stress and 
the test density (at the start of shearing) up to a value 
of the normal stress of about 50 or 60 psi. At higher stress 
levels, g' appears to be essentially independent of the 
normal stress. It is interesting to note that in the 
bade of the tests performed at extremely loose densities, 
Figure 3.22 gives relatively constant values of ¢g' indepen- 
dent of the stress level. Hoare (1972) reports similar 
results for a tailings sand (with 17% passing the #200 sieve) 
when tested in a loose and ovendried condition. The ¢'! 
obtained was 33.5 degrees. This is comparable to the g¢' 
of 33.7 degrees obtained from loose Brenda Sand (Figure 
3.22). On the basis of these results it can be ene eee 
that the tests at loose densities give lower bound values 


of ¢g'. 


It should be noted that ¢g' for the highly angular 
Brenda tailings sand is generally 5 to 6 degrees higher in 
value than that for the rounded Ottawa sand at all densities 


and stress levels. 
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3.4.5 Consolidation Tests 

In order to study compressibility characteristics 
of tailings sands, consolidation tests have been performed 
on three typical materials. Sand is placed in the odeometer 
ring in an ovendried and loose condition (zero relative 
density). Except for the GCOS sand, the other two sands 
are then allowed to saturate before starting the test. 
In the case of GCOS sand, the test is performed on the 
ovendried material and no attempt is made to saturate the 
sand: for reasons given in Section 3.4.4.3. Graphs of void 
ratio versus logarithm of consolidation pressure applied 


during the tests are presented in Figure 3.23. 


3.5 Tests on Slimes and Tailings 
3.5.1 Description of Materials 

As discussed previously in Section 3.2, tailings 
are the total waste material left behind after the removal of 
mineral concentrates and are transported as such to the 
disposal area. Grain size distribution curves for typical 
tailings from various mining operations are presented in 
Figure 3.24. Slimes are the finer fraction of tailings 
left behind after the removal of sands. Grain size distribu- 
tion curves for tailings and slimes materials included in 


this study are shown in Figure 3.25. 


Tailings and slimes can generally be classified 


as sandy silts or silts and range from low to non plastic 
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in nature. Plasticity results for typical tailings and 


slimes tested in this program are presented in Table 3.5. 


3.5.2 Direct Shear Tests 

Direct shear tests have been performed on two 
typical slimes samples recovered from about the middle of 
the Brenda and Bethlehem tailings ponds. Material is placed 
in the shear box in the form of a slurry and allowed to 
consolidate under the desired normal stress for the test. 
The specimen is then sheared in a normally consolidated 
condition at a constant rate of strain of .0045 inches per 
minute. This rate of strain is slow enough to give pore 
pressure dissipation of over 95% according to Bishop and 
Henkel (1962) which is common practice for direct shear 
tests. The results are shown plotted in Figures 3.26 and 
+ 2jea dkomallsy practicails purposes, the values of 30.5 
degrees and 32.0 degrees for g' obtained are comparable to 
those of loose tailings sand as discussed previously in 


Section 3.4.4.4. 


3).20 3 Oedometer Tests 
3.5.3.1 » General 

To investigate the compressibility characteristics, 
the rate of drainage and the rate of progress of consolida- 
tion of slimes and tailings materials disposed of in the 
storage ponds, a series of oeqometer tests have been 


performed. In the pedometer, in addition to the conventional 
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consolidation tests, constant head permeability tests are 
performed on the specimens at selected intervals in the 
loading sequence. Seven different materials are tested from 
Four different mining properties. Duplicate tests are 


performed on all samples. 


3.5.3.2 Equipment and, Test Procedure 


Testing has been carried out in an Anteus 
consolidometer. This equipment has been described in 
detail by Lowe et al (1964). Briefly, this equipment 
differs from the more conventional consolidation apparatus 
in that it has a pneumatic loading mechanism and the 
specimen is enclosed in a chamber so that back pressure 
Gan be applied. With’ the back pressure arrangement, a 
permeability test can be performed on the specimen at any 


stage during the consolidation test. 


Material is thoroughly mixed with water to form 
a thin slurry and poured into the oedometer ring. It is 
then allowed to consolidate under its own weight before 
placing the top porous stone. Initially, a very small 
load is applied to the specimen and the test is continued 
from then on in a conventional manner except that constant 


head permeability tests are performed at selected intervals. 
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3.5.3.3 Presentation of Results 
Results from the odeometer tests are presented in 
the following four forms for each material tested: 
i) void ratio versus log K, 
ii) void ratio versus log P, 
iii) void ratio versus log mo and 
iv) void ratio versus log C., - generated on the 
basis of (ii) and (iii) 
where P = consolidation pressure, 
| K = coefficient of permeability, 
i coefficient of volume compressibility, 
and 


Cc, = coefficient of consolidation. 


Values of mM, and oe are computed from the following 


commonly known equations in soil mechanics, 

Ae , and Fz ee @3 4) 
K = Aceeali axes) 

Figure 3.28 presents void ratio versus log K for 


all materials included in this program. The other results 


are presented in Figures 3.29 to 3.31. 
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3.5.3.4 Discussion of Results 

An examination of Figure 3.28 indicates that 
coefficient of permeability (K) of slimes included in 
this program varies over a fairly large range. For example, 
at a void ratio of 1.0, K ranges from 5.0 x 10> 
centimeters per second (cm/sec) for the non plastic 


Copper Cliff material to 1.2 x 10° 


cm/sec for the low 
plastic material recovered from the Bethlehem tailings 
pond. At the same void ratio, for the two tailings 
materials tested, permeability values range from 3.0 x Vane 
Eo a3 02x vane cm/sec. These values are within the range 


eee 


1 Xe) lone cm/sec reported for fly ash and chemical 
waste by Casagrande and MacIver (1971). Blight (1969) 
reports an average value of 1.0 x aye cm/sec for slimes 


and tailings from the gold mines in South Africa. 


AeLov lew Otethese— 10g p curves in Higure.3.29 
indicates that typically they are non-linear at very low 
stresses. At stresses greater than approximately 0.1 tsf 
(tons per square foot), the curves are essentially: linear 
giving a CO (Compression Index) ranging from .13 to .25. 
These values are quite typical of those usually obtained 


fOmtiatural «SDLes. 


It is interesting to note that mm varies over a 
range of 2 to 3 orders of magnitude for the range of void 


ratios encountered in the odeometer ESeSts rigune. 3.30). 
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For the same range of void ratios, K, generally, appears 

to vary over a range of only one order of magnitude 

(Figure 3.28). Since C., values are computed from Equation 
(3.5) this results in C., varying over a range of 1 to 2 
orders of magnitude (Figure 3.31) with the lowest values 
being at the initial high void ratios. At these high void 
ratios, the typical values of Cy for the slimes from copper 
mines in British Columbia included in this program appear 


2 3 cit /see (centimeters 


£0 be in the range of 0°“ "to 10” 
squared per second). Blight (1969) reports a value of C, 
for slimes from gold mines in South Africa of the order of 


‘ cm*/sec. At high void ratios which are likely 


Lees liggrang Gite 
to exist in the slimes deposits, at least initially, Blight's 
figures are comparable to those obtained for the relatively 
coarse and non-plastic Copper Cliff material. The values 
cited previously for the copper since from British Columbia, 
on the other hand, are 1 to 2 orders of magnitude lower 

than those reported by Blight (1969). The values of eo 

for these copper slimes are, however, entirely comparable 


to those reported by Lambe and Whitman (1969) for soils 


with liquid limits of about 30 percent. 


3.5.4 Sedimentation Tests 
S.Js@0k. FUrpose OL Tests 

Slimes are usually discharged into storage ponds 
in a thin slurry containing approximately one-third to one- 


quarter solids on the basis of weight. In soil mechanics 
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terminology, this means that the slurry is at a water 
content of about 200 to 300 percent. It is recognized that 
the slimes are subjected to two distinct processes after 
entering a storage pond (Department of Energy Mines and 
Resources, 1972). The first p:rocess is the initial 
sedimentation of solids into a very loose soil and the 
second is consolidation of the resulting soil, under self 
weight and the weight of the materials sedimenting 
subsequently in the on-going process of slimes disposal. It 
is thought that the sedimentation of material, which has 
entered the pond at a specific time, occurs rather rapidly. 
Consolidation of the same material, however, is an on-going 
process for the operating life of the pond and for many 
years afterwards. Tests are performed on typical slimes 

at a water content of 200 percent to determine the possible 
rate of sedimentation and the initial void ratio of the 
sediment. Both of these factors are important in assessing 
the rate of progress of consolidation and the amount of 


water available for re-use in the concentration plant. 


3.5.4.2 Test Procedure 

The test procedure followed is essentially the 
same as that discussed by McRoberts (1973) in his detailed 
treatment of the sedimentation theory. Briefly; the “test 
procedure involves initially preparing a homogeneous 
Slurry of slimes and water at the desired water content. 


The slurry is then placed in a glass cylinder. The advance 
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of the slurry-water interface at the top is then recorded 
with time. When the distance through which the interface 
moves is plotted against time elapsed from the start of 
the test, the early portion of the graph gives a linear 
plot. The slope of the linear portion of the plot is 


considered to give the rate of sedimentation. 


In the above tests, the specimens are then allowed 
to consolidate under self weight and final water contents 
determined. These water contents can be assumed to represent 


roughly the initial void ratios of the slimes sediment. 


3.5.4.3 Test Results 

Results of the tests performed on Brenda slimes, 
and on samples recovered from the Bethlehem and Brenda 
tailings ponds, are shown plotted in Figure 3.32. As shown 


Bho 22h 107° 


the sedimentation rates vary from 1.2 x 10° 
cm/sec. These values are comparable to those reported 
by McRoberts (1973) for Fort Norman and Devon silts at a 


tons.3°x 10°" cm/sec). 


water content of 200% (1 x 10° 

Water contents of the pond samples of slimes after 
consolidation under self weight are approximately of the 
order of 100 percent. It is interesting to note that the 
void ratios recorded for these materials in the odeometer 
tests are of the order of 1.5 under relatively small 


consolidation pressures of less than 60 psf (Figure 3.29). 


bebrooe% nait et qot oid ds eosiaetni sotew-yatule edd te 
sosizeini. edt doidw dpvoxdd soastedb oft ned. ,emis dgew 
Yo disse edt mori bsegselo omia senieps badtolq sf esvom 
weenitl 5s aavip din sit to aoisueg yixnes ods. .dued cmd? 
zi sola eid to motizog tesnif edt to egqoie edt «20lg 


1oiistitemiber to sfax efit sevip ot baxebsenoo 


hewolfeh asnit ots alnomiosge sid ,ataet ovods snd al 


stretnoo tedsw ([sait bee thpraw tise zebau aetsbifoenos of 


+nese vast of benuraes sd as> ednmednom xrsetew seeit? .boenimxeteb 


jasmibeor aeanbie. aris 2tdgsx-blov Lettiai ed? yidpuor 
etiunem test. Esbsteté 


shis2t bas mSdsidish sid mort hexreveses solquse mo bas 


‘qwodea pA 86.8 etipbioat Bbattoflg nworke ote ,ebaog epatiia? 


“OL x 8.5 63 Of x Swf mon} visv ests: aolsasnemibes eda 
botrode: seoid ot sidsazeqmoo sxs Bartev seedt soge\no 
e +6 etii2 noved bas caanzou trot to? (EVOL) etaedotioliive 


josa yap - OL x EE oF Ol * J) #00£ to tmestaoo yessw 


psite semila to asigmse booa shit to asansznoo  rsI6W 


eit to yletsmixozqas ers tdpiew lise sebas aoistsbiiosaed 

sit Jedd sd0n o3 -paitvotetni-ver SI. .tnesueq 0OLiemtebse 

Lsvomoebo ony ar elaixzoden seans 167 Babxooss soites blov 
ileme elavidsiox wsbnu 2.1 to u6Bbu0o sid Yo sz etaod 


({@Si£ sawpit) tag 00 ned agel to eexuaesrg aotssbhloenod 


SS : 
% 
4 5 
+ & ii 
i ; 
- 





A void ratio of 1.5 is equivalent to a water content of 
approximately 55 percent for these materials. This large 
change in the water content from 100 percent under self 
weight to 55 percent under a small consolidation pressure of 
60 psf is quite indicative of the high compressibility of 


these materials at these high water contents. 
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TABLE 3.4 Summary of Results From 


Triaxial Tests 


a 


Sand 


lo} 


3 At the Start of Shearing Peak ¢' 

Material psi e Dd - assume c'=0 
Brenda (71) 28.4 .78 74 aoe 
Bethlehem 28.4 .75 73 40° 
(71) 

56.8 eal 84 412 
Copper Cliff 28.4 82 65 aoe3 

pean 77 78 39 .5° 
Gcos 28.4 .70 95 35° 


e - void ratio 


Dd - Relative Density 
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(After Bradley (1965) ) 


Figure 3.1 Principal Features of a 
Hydrocyclone 
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Figure 3.2 Grain Size Curves of Sands 
Included in This Study 
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Figure 3.3 Ottawa Sand (c-109) 
(Magnification Factor = 10) 





Figure 3.4 Fraser River Sand 
(Magnification Factor = 10) 





Figure 3%'5 Brenda Sand (71) 
(Magnification Factor = 10) 


ni 

1 iy 

xeon Wired 
Bias 1s 

teas ; b ‘ rs 

4 wi 5 aie - 

‘ rhe 
i Beet ‘ 











(O0f=o) Base BwhATO. €.€ “srupla 
(Ol = totes nottsaltinpen) vided Yar 
e . 
; hns2 s~ovih tsesx? . Boe stupt’ 
(Of = tot6e% nolssuitindpemM) 
rae" 
: > 
ho a ee 
(IV) bos®.sbas18 2.6 siopkd 
(Qf = toddsT agisesitinpsm) “on ee 





89 





Figure 3.6 Bethlehem Sand (71) 
(Magnification Factor = 10) 





Figure 3.7 G-.C.0.S. Sand 
(Magnification Factor = 10) 





Figure 3.8 Coppercliff Sand 
(Magnification Factor = 10) 
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Figure 3.9 Calculated vs Measured 
Coefficient of Permeability 
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Permeability of Tailings Sands 


Figure 3.10 
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Figure 3.14 Typical Mohr Failure 
Envelopes for Dense 
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Figure 13.15 Density-Strength Relationships 
For a Tailings Sand 
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Results From Direct Shear Tests 
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Figure 3.18 Results From Direct Shear Tests 
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CHAPTER IV 


RESULTS AND OBSERVATIONS 


FROM FIELD INVESTIGATIONS 


4.1 Introduction 
In an embankment, the major items of material 
peneraour that are likely to influence its structural 
performance can be listed as follows: 
i) compressibility of embankment material; 
ii) shear strength of embankment material; 
iii) permeability of embankment material; and 
iv) liquefaction potential and/or general behav- 
iour of embankment material under seismic 


loading conditions. 


In hydraulically constructed embankments of the 
coarse fraction of tailings, compressibility and shear 
strength of the material are, generally, not an issue but 
items (iii) and (iv) are. As discussed in Chapter It, for 
seismic considerations, a minimum relative density of 60 
percent is usually recommended in the construction of 
tailings dams. Thus, from the point of view of monitoring 


construction of these embankments, measurements of in situ 


density and” permeabilityiareofpp rime interest. 


109 





















Vi A@T4AHD: 
7 on rd 
QvOlTAVAS2EO QuA BTUUeGA a a. 
2U0I1TADLTSSVHI Gist MOAT . oan 


WE 
sgttouboxsaT oe 


Isbtedsm to emsti tofsem odd a finaieabeaed ms al 


(isixetem tromidsdme Yo ytilidieeexaqmoo, (2 ae a 


:isivetsm tneniasdms to dipaette assde (ki - a 
has yisixotsm jneminsdms to yttlidsemreq (tt oa. | 
- ree : 
avaited fs19nsp xo\bas isi¢meteq moiinsterpil {wi a oth \ 
ofimaisce srobny Istustsm tasmansdhie te. xwot oe 
. ‘- 
-enotsibnos patbsol 4 
a . iP 
rae 
ont lo atnonpiasdms bedousd enon yilspiivexbyd al =~ 
i 


asode ag ee oe sapthitias to seisoss2 ee2800 
tud quset nas. ton ,yiisiaasp ets isksStem ont to ipnoxts 
tot ,II zstasdo ni beeeuseib 2h .9%s. (vit) bas (iki) - ak 


Oe to ytieneb ovVissls1 muminin § ,enoitsrsbienoo oft ae 


< - 


to noi touts anos sdt at bsbasmmnoos: viisves Bt 3a she 2g 


ie 

etixodinom to date to taiog sft movi ,eudT Jemieb ap isd 
‘Lae ae 

oe 


tesrstai omixg to S$%s Witidsomreg | as YS ee 
: : ile bS Ai 


e0L 


ustie ami to atone 26 om \ etaspulasdms S29hit 2to° 


stig 


110 


In this study, existing methods of measuring these 
parameters in situ have been critically reviewed and new 
techniques investigated. Also field investigations have 
been es out to measure these parameters at three 
tailings dams being built by different methods. All 
pertinent details including the test results from field 


investigations are reported in this chapter. 


During the field investigations, samples of 
slimes and measurements of pore pressures in the tailings 
ponds were also obtained where possible; the results are 
included herein. Some general observations relevant to 
materials handling made during these investigations will 


be discussed in a later chapter of this thesis. 


In fairness to those responsible for the safety 
of the tailings dams investigated during this research 
program, it should be pointed out that field investigations 
were carried out with the sole purpose of obtaining typical 
information related to the factors discussed above. The 
investigations were not detailed enough, and neither were 
they intended to be, to assess the Stability of any overall 
structure or suitability of any significant portion of a 
disposal system. Although it is the writer's sincere hope 
that observations and conclusions recorded in this thesis 
will be of use in improving design and/or construction 


methods on many existing (including those investigated) and 
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future tailings dams, it is not His intention. to.pass 
judgement on any procedures being followed at the properties 
Visited during, tnus’ program, “silt as felt.,that to do so will 
require further specific work pertinent to the objectives 


of the assignment in question. 


4.2 Tailings Dams Investigated 


The three tailings dams investigated are as 
follows: 
i) Brenda Mines located near Kelowna, B.C.; 
ii), )Bethtehem Copper (Corp. wlocated in the Highland 
Valley. near Ashcroft, B.C.: and | 


pL) Craigmont Mines located near Merritt, B.C. 


Figure 4.1 is a map of British Columbia showing 


locations of the above mines. 


A Drier description Of) the type) and size of 
dam, and the method of construction and materials being 


used at each site is presented below. 


4.2.1 Brenda Tailings Dam 

As shown in Figure 4.1, Brenda Mines is located on 
a mountain plateau west of Okanagan Lake in south central 
British Colubmia, approximately 40 miles from the city of 
Kelowna. The mine produces copper and molybdenum con- 


centrates from a low-grade open pit operation at a rated 
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capacity of 24,000 tons per day. At this ea capacity, 
the mine was to operate for 20 years producing approximately 
175 million tons of tailings for disposal. Recent 
modifications are, however, underway to increase the daily 


throughput capacity of the Mil) eo 0, 000 stons per day .« 


The tailings dam is located in a narrow sloping 
valley. Therefore, a relatively high dam is required to 
provide the necessary storage capacity. The designed 
ultimate height of the dam is 450 feet above the stream bed 
at the downstream toe. Immediately below the crest of the 
dam, the ultimate height of the embankment above the stream 


bed will be approximately 370 feet. 


Prior to commencing construction of the sand dam 
in the spring of 1970, a starter dam (130 feet high), a 
downstream rock dam (almost 200 feet high) and a suitably 
designed underdrainage system were constructed as shown ip) 
Figure 4.2. This figure shows a plan view and a typical 
section of the dam. Figure 4.3 is a photograph of the 
tailings disposal concept at Brenda Mines and Figure 4.4 
is a photograph of the Brenda tailings dam as existing in 
June, 1973. All seepage through the dam is collected at a 
"Reclaim Dam" placed downstream of the main dam and pumped 


back into the mill system. 


From the cyclones placed high on an abutment, the 
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sand is transported and placed hydraulically. The construct- 
ion is by the centreline method as described in Chapter II. 
A further description of the construction details is presented 


later in this chapter. 


The slimes from the cyclones are transported by 
pipeline to the dan and Snicieing ween into the pond by 
conventional spigotting from along the crest of the dam 
in an upstream direction. The operation is designed to 
form a broad, low-permeability beach between the pond and 


the sand dam. 


4.2.2 Bethlehem Tailings Dam 


Bethlehem Copper Corporation Limited operates 
an open pit copper mine located in the mineral rich 
Highland Valley in south western British Columbia. As 
shown in Figure 4.1 the mine and the concentrator are 
situated at an approximate distance of 28 miles by road 


ELOm ABNCrOLe, B.C. 


Mining operations commenced in December, 1962. The 
mill has undergone several modifications since the initial 
construction to steadily increase the throughput capacity. 
For example, in 1966, the mill. operated at_a throughput 
Bapacitveot 1) O00) tons per day, (tpd) s.inm, 1969: at 15,000 
Goo anwecuLrently, the mill is operating at about 17,000 


tpd. 
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A tailings disposal area has been developed by 
constructing a dam across a valley located adjacent to the 
concentrator. The dam is constructed of waste rock from the 
open pit, with an upstream filter zone of cycloned tailings 
sand. The rock dam is approximately 5000 feet in length 
and varies in height to a maximum of 300 feet in the centre 
of the valley. The rock dam has now been completed to its 
full height. Pond level as of June 8, 1973, has reached an 
elevation of within 115 feet of the crest elevation of the 
rock dam. Tailings sand is being placed upstream of the 
rock dam from the cyclones located along the dam crest. 
Sand placement has been virtually completed along 
approximately 1000 foot sections of the dam at both ends 
as of June, 1973. All testing on the dam was restricted 
to these completed or nearly completed areas. Figure 4.5 
shows a typical section through the dam at these locations. 
Figures 4.6 to 4.8 are photographs of the tailings dam and 


the disposal area. 


At the downstream toe of the rock dam, a catchment 
ditch and storage pond have been constructed to intercept 
seepage through the dam and also a certain amount of 
ground water discharge from the springs in the immediate 
vicinity. As in the case of Brenda dam, provisions have 
been made to recirculate this intercepted water back into 


the mill system. 


pil ; ) ; 
yd Begofeveb need esi sets {seogetb apniiist A , URS 

eit oF dnevetbs betsool yelisv & eBorss msb s poitouztaenmoo 
efit fot Awoo1. stasw to hHsjourtenoo ef msd eat . rost613199N09 
apnilists henofsyo to ends rot lit mesitequ as dféiw ,Fiq dego 
d3pneli ni ts0t% O00e yiotsemixorggs ei mseb xoor SAT .bnse 

Si tite> end ai re O0E to richie 5s oF tipted ni eoitsv bas 
eti ot Betelamon meed won 26M mab ASOT ant .¥elisv sit to 
ne bstossx1 asd ,~evel ,8 snub 20 e6 level baog . drip ied iilur 
aft to dotisvels s2ero ond Yo tos? @if aldgiw to notssvele 
oxytady beosla pnied et base epailisT .msb xAsoz 

.teo1p msb ‘edt pools bessool esnofoyo edd mort meb ASog 
gels botelqmoo yilsut1riv assed esa tasmsosiq base 

2bono dtod 3s mph sit to anotiosa Foor 690L ylosjemixoirggs 
+ mo pnitgest [fA .€V@L ,snvt to 8s 
2.8 stuprt .assis, bsjelqmos yixson 16 Beveignos eseds oF 
i+ t5 msb odt dovoxts nokdoes Isoigys 8 awonke 

bas mpH epnitist ort to eiigs Wosbie o%5 8.) of 3.5 gorse it 


.e9r7s [seogelb sas 


jremings> so ,\msb Aoor Sct To sot msettanwob eff 3A 
sso nssd sv6bn baog sps¥otea bas dosis 

fo davoms oiestji9s> s o@ls bas sisb ods Apvowis spsqoe8 
eatsibemmi erid cil epniagqe sid moxut sprsdoerlb issaw brvoxD 
saved anoieitvota ,msb sbmae1d 10 sés9 shit ak @A yeiatolv 
ojni Aosd 1ts36w botqeoisdat aids sts iuoxtossz od obsatr 


moteye LLkm 







1i5 


Slimes are discharged into the pond in part 
directly, :rom the mill and ini part, from the overflow of 
Thescevc lones onthe dam. It isi of Gnterest to note that, 
generally speaking, the slimes slurry at Bethlehem tailings 
dam tends to pond against the sand, although clear water 


can only be seen at the back of the pond away from the dam. 


It should be noted that the main retaining 
structure at the Bethlehem site is constructed of waste 
rock and therefore cannot be classed as a typical tailings 
dam. This site has been included in the present investigation 
primarily to study the in situ properties of the large 
volume of cycloned sand which has been placed against the 


rock dam. 


4.2.3 Craigmont Tailings Dam 


The Cragimont property is located in the Interior 
Plateau region of south western British Columbia. As shown 
on Figure 4.1 the site is located at an approximate distance 
of 10>°miles by road=from-Merrirtt, B-C: The mine is 
situated on the lower slopes of the Promontory Hills which 


rise to the west from the Valley of Stumbles Creek. 


Mining operations commenced in September 1961. 
Ae etie Present Cine, the mill operates. at a rated through- 
put capacity of 7500 tpd, with approximately 50 to 60 


percent of the mine output coming from the underground 
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operations and the remainder from stockpiles made during 


earlier open pit mining. 


The tailings dam has been constructed across the 
Stumbles Creek Valley immediately south of the mine site. 
The proposed maximum height of the dam is about 100 feet. 
Maximum height at the time of the field investigations was 
of the order of 82 feet. Initially, a starter dyke about 
15 feet high was constructed across the valley at the 
downstream toe of the final dam and the subsequent 
construction of the dam has been by the conventional 
upstream method as described in Chapter II. Figure 4.9 


illustrates a typical section of the dam. 


4.3 Brief Description of Sand Placement at the Above Dams 

At the three pein. dams investigated during 
this study, methods of sand placement can be summarized 
as follows. 

i) At Brenda tailings dam, considerable water 
is added to the sand from the second stage cyclones placed 
at the abutment to permit transport of the sand through 
pipelines to the dam. Because of the excess water it 
has been necessary to place sand by discharging the sand- 
water mixture in cells (approximately 100 feet x 300 feet) 
essentially, following the conventional hydraulic asta 
methods. The cells are constructed by bulldozers pushing 


up sand dykes around the areas designated for sand placement. 
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The sand-water slurry is discharged into a cell at one end 
and the excess water decanted at the other. The hydraulic 
cell method results in sand being placed in 8'to 10 foot 
lifts with a sloping surface at about 25 horizontal to 1 
vertical (25:1). Figure 4.10 presents photographs ill- 


ustrating this method of construction. 


it)°-" At Bethlehem tailings dam, sand underflow 


from the cyclones situated on the crest of the dam is 
discharged directly into its final resting place upstream 

of the rock dam. The sand slurry at the time of discharge 

is at a water content of 45 to 50%. All excess water appears 
to drain in a downward direction with no free water notice- 
ablemat "the surface. Sand is being placed at this site by 
the above method in a continuous operation to produce fill 
lifts in excess of 20 to 30 feet before the cyclones are 
moved to a new location. Side slopes in the range of 4:1 


to 5:1 are generally achieved. 


PEP) AOKt Craigmont tailings dam, construction is 


by the conventional upstream method. The height of the dam 
is raised by timber forms in 2-foot increments. A portion 
of the tailings is discharged from along the timber forms 
through small Spigots located at close spacing. The 
remainder is discharged through relatively large overhead 
pipes extending across the beach to a distance of 


approximately 75 to 100 feet from the timber forms. 


il 





















bas emo 38 Elen 6 ojni beprsloekp at wate retsw-bise ont 
ce + ae { 2) 

ob ivexbyd aif .redio oft 45 bedasosb 10350 eesoxe ond | 
ait) >on 

joot OL of 8 at booslq pnhisd Base at etivest horsem 


I o¢ fednosixod @S svods 4s Sostave paigole s ridiw esttl 


“{fi edgsxposoriq etnsesxq OL.8 sxmpkt. . (£728) fsoisisv 


i ‘+e 


eS 


.noitoutdenos to bortem aid’ paltesteu 


woltxebuy base .meb epnitied mofo litsed 3A (£8 

at msb ork to fzeto eft mo betsutie samtien ong most 
msoxtequ sosiq pritso1 ent? ati otmt yisventb boprsstoeib 
spisniseibh to ‘emit sdd ts yxrxdle Base si? .meb #oox ads zo 
penmega teassw zesoxs ILA .¢0C oF ch to tnsdnod teagew 6 ts ek 
~spiton xrsisw seit on dtiw nottositb Bauswawoeb 6 ak aisib of 


yd site atds t5 beosiq poised ef base ieositume efg te sids 


_ / 


[LLi sowbotq ot noitsresqo evounisinaos. 5 at Bodgem syods snd 
sis esnoloyo eds siroisd test OF oF OS Zo Besmme ni etzkl 
[3b to spnst edt not esqole Sbig \- foLteo sof wan 6 ot bevom 


-bovoidss yilsxeasp sxe L:2 oF 


ei moisgouxtenoo ,msb epailiss ) some ke:x5 tA (iP 


mp6 eit to tdiptod oT .botitom meexdequ leaotdnewtiee end ve 


a 


- 


noitiog A PI TaMstI a4 sooi~-S of eanxrot szsdmt? yd beeiss. ek 


emxot xSdmis oft pnols mori Bepxsdoeib ej apmiliss ait to 


ipa 62a } 
ont -pritosge se0i5 ts bsisv0f atopige slorams dpvordt 


bsodievo spxel ylovitsiox dpuomdit bopredoeib ai debate | 


i. i, CLP 
to sonsteib 6 of dossd sit eseovos pakbassxe eect 


-emtot xrsdmty sds moti tset 0OL oF 2T vistemixo ’ 


— 


lt 


118 


Construction of the dam is essentially restricted to the 
Summer months. In the construction schedule followed at 
this site, each 2-foot lift on the dam is allowed to rest 
for several months before the next lift is placed. During 
the off season a certain amount of tailings are also dis- 


charged from along the perimeter of the pond. 


It should be noted at this time that in this 
method, excess discharge through the overhead pipes can 
result in high areas at the point of discharge on the 
beach resulting in backponding and deposition of fine slimes 
near the crest of the dam. Figures 4.11 and 4.12 illustrate 
the method of construction being followed at the Craigmont 


tailings dam. 


4.4 In Situ Density Measurements 
4.4.1 Methods of Measuring In Situ Density 


In construction control, in situ densities can 
usually be measured by any one of the several methods listed 
under "ASTM Test for Density of Soil in Place", such as the 
sand cone, (D1556-68) the rubber balloon (D-=2167-72) and 
the drive cylinder (D-2937-71) methods. However, all 
these tests are usually restricted to shallow depths. These 
tests may be performed at depth in test pits and shafts 
excavated for the purpose but then, they tend to be very 
time-consuming and costly. In situ density determinations 


at depth can sometimes be made by securing undisturbed 
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samples of the sand which also tend to be costly. Further- 
more, undisturbed samples of sand are difficult to obtain, 
particularly below ground water level, to say the least. 

In recent years nuclear devices have been developed for 
measurement of in situ densities. The nuclear devices and 
their use for this purpose are discussed later in this 


chapter. 


At the present time, when assessment of in situ 
densities at depth is needed, penetration tests are more 
likely to be used for the purpose. Penetration tests are 
quite easy to perform and hence are relatively economical. 
There are, essentially, two types of penetration tests 
commonly used in earthwork engineering - the dynamic and 
the static penetration tests. These tests will be discussed 


below in the order cited. 


In North America, the Standard Penetration Test 
(SPT) is the most widely used test of its kind. A descrip- 
tion of this test can be found in Terzaghi and Peck (1967). 
Besides SPT, several other dynamic penetration tests have 
been developed. These involve the driving of drill rods 
equipped with a conical point under the action of a drop 
hammer in a manner similar to that employed in the Standard 
Penetration Test. To eliminate side friction on the rods, 
the conical point is usually larger in diameter than the 


rods. In most cases, the point is an expendable steel cone. 
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This type of test is easier to perform than the SPT and 
provides a continuous log of penetration resistance. 
However, the test is far less standardized; the test details 
can vary according to its intended use. Results obtained 
with one such penetration test are presented by Klohn and 


Maartman (1973). 


Static penetration tests have been quite 
extensively used in Europe for many decades. At the 
present time, Dutch Cone apparatus appears to be the one 
most widely used. Sanglerat (1972) has provided a most 
comprehensive discussion on the Dutch Cone penetrometer, 
its uses and a summary of experiences with this equipment 


from all parts of the world. 


In the static penetration test, a cone is pushed 
into the ground at a constant rate under continuous static 
pressure. In the Dutch Cone penetrometers in current use, 
the point resistance and side friction on the rods can be 
measured separately. The point resistance is usually 


taken as a measure of in situ density. 


4.4.2 Usefulness of Standard Penetration Test in 
Measurement of In Situ Relative Density 


In conjunction with sampling of sand in exploratory 
drilling, the Standard Penetration Test provides a measure 
of penetration resistance which can be of great value in 


an assessment of relative denseness of the material. The 
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penetration resistance can be used to relate soil condi- 
tions at a given site to the experiences gained at other 
sites, as Terzaghi and Peck (1967) appear to have done with 
respect to foundation performance. The usefulness of 
Standard Penetration Test in a quantitative determination 
of in situ relative density, however, is rather questionable 


as will be shown below. 


It has been recognized for some time that 
penetration resistance is not only a function of in situ 
density but also the overburden pressure acting on the 
material. Several investigators have produced correlations 
between penetration resistance (N-values), relative sTeRailiest 
and overburden pressure. Figure 4.13 presents the most 
frequently used results of Gibbs and Holtz (1957) on the 
subject. Peck and Bazaraa (1969) indicate that the above 
correlations of Gibbs and Holtz, generally overestimate 
in situ relative density of a deposit as shown by Bazaraa 


(1967) whose results can be expressed by 
N = 20 pa (1 = sane AE Opole 8 os eee aambenonl! Neeley Gl oes eal ay ee ape eTs pet so 
N = 20°42 (3.25 Pees) Omel er OmNuDS pet sd it 
where N = the Standard Penetration blow count in 


blows per foot, 


Dd = relative density (expressed as ratio), 
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and 


P = overburden stress in Kips per sq ft. 


In a case study, Lacroix and Horn (1973) find 
that the results of Gibbs and Holtz correlate quite well 
with those of a natural deposit but not with those from a 
compacted fill; results from the compacted fill correlate 
with Bazaraa's work, however. Lacroix and Horn indicate 
that perhaps the reason for this discrepancy is that increases 
in the values of N are not essentially due to increases in 
the vertical effective stress, but are, rather, the result 
of an increase in the horizontal effective stress. 
Schmertmann (1970A) notes that surface compaction can 
improve the soil in two ways, i.e., it increases both density 
and lateral stresses. Such lateral stress increase is 
likely to increase both the N-values and the cone bearing 
resistance as indicated below, 

"Before compaction, a cone bearing of 25 tons 

per sq ft matched with a relative density of 

44%. After compaction the cone bearing jumped 

to 56 tons per sq ft for essentially the same 

relative density of 47%. A cone bearing of 

56 tons per sq ft in this sand when uncompacted 

would ordinarily suggest a relative density of 


57%. The change is most likely due to increased 
lateral stresses." 


Results from two test locations at Brenda tailings 
dam where Standard Penetration Tests were performed do not 
correlate with the work of either Gibbs and Holtz or 


Bazaraa. This will be further discussed later in this 
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chapter. 


Recently erate and Horn (1973) have summarized 
the results of various. investigators; the results are j 
presented in Figure 4.14. A review of this figure indicates 
that there is a large range of values of relative density 
that can be interpreted for a given N-value from the results 
of these investigators. It ‘should be noted at this point, 
however, that it is more than likely that the above invest- 
igators had used different test procedures to determine 
maximum and minimum densities. THaverore: it is entirely 
Dessiblerthat ai gnitrcant, difterences: in their correlations 
(Figure 4.14) ae be simply the result of differences in 
the computed values of relative density for a given in situ 


density. 


In conclusion, on the eee of the above dis- 
creed arias it can be said that the N-value in a Standard 
Penetration Test depends upon: 

i) density of sand, 

ii) overburden stress, and 

iii) -scoeffrcient of earth pressure .at rest (Ko) 
which depends on the stress history of the 
deposit (such as compaction or overconsol- 


idation). 
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Furthermore there is evidence that penetration 
resistance also depends upon such variables as angularity 
of grains (Holubec and D'Appolonia, 1973) and perhaps grain 
size distribution. Also significant differences in N-values 
can occur just due to the crude nature of the test from one 
Site to another or at different times at a single site. 

On the basis of the above considerations it can be safely 
concluded that the SPT is too Lette and approximate a test 
for a global correlation, such as that of Gibbs & Holtz, 

to be of any practical value in the quantitative assessment 
of in situ relative densities. This is particularly true 
in the case of tailings dams where relative densities are 


likely to vary over a rather narrow range. 


4.4.3 Usefulness of Static Cone Penetration Test 


In Measurement of In Situ Relative Density 
As indicated by Schmertmann (1970A) the static 


cone penetration test is far superior to the rather 

crude SPT. The penetration resistance can be measured 
precisely and accurately. The test is relatively easy to 
perform and produces a continuous penetration log for full 
depth of a test hole. The value of this test in design of 
foundations where settlement rather than bearing capacity 
is the governing criterion, has been clearly demonstrated 


by Schmertmann (1970B). 


Usefulness of the cone pentration test for a 


quantitative assessment of in situ relative density, never- 
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theless, remains questionable. Once an appropriate 
correlation is established on a given site or in a local 
area, the cone test can be Seperively used to assess in 
Situ density but the problem lies with obtaining appropriate 
correlations. Some investigators (Schmertmann, 1970A) appear 
to have established fairly reliable correlations between 
cone penetration resistance and relative density through 
extensive use in a local area. Such correlations, however, 
Cannot be assumed to apply to deposits in other areas with 
different histories. In fact, any attempts to establish 
global correlations empirically will be Subject to the same 


objections as those ascribed to similar correlations for 


the Standard Penetration Test. 


Consideration was given to obtaining the necessary 
correlations theoretically by invoking the theory of bearing 
failure which is controlled by the shear strength or angle 
of shearing resistance (g') of the sand, all other things 
being equal. As can be estimated from Figures 3.16 and 
pet / ineChapiter fit; the g° for a typical tailings sand 
varies over a narrow range of no more than 5 degrees for 
the relative densities likely to be encountered in tailings 
dams. In addition to ¢', the penetration resistance in 
a static cone test is influenced by most of the variables 
previously ascribed to the Standard Penetration Test. In 
view of these variables, the small Change of 5 degrees 


in g' is not likely to prove to be a sufficiently sensitive 
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indicator for a meaningful theoretical correlation between 


penetration resistance and in situ relative density. 


4.4.4 Nuclear Devices and Their Use in Measurement of 
In Situ Density 


4.4.4.1 General 

These are non-destructive testing devices that 
use the neutron-energy-absorption or gamma-ray scattering 
techniques to measure the moisture content or density of 
rock and soil materials. These nuclear devices have been 
in the process of development for about 20 years. The 
equipment first became available commercially in the 
middle 50s. At the present time, surface and subsurface- 
type moisture and density probes are manufactured and used 


in many countries. 


The surface type probes are now frequently used by 
large governmental agencies for compaction control on 
projects involving large volumes of fill such as roadways, 
airports, etc. The subsurface-type probes appear to be 
mainly used in research at the universities, in ground water 
Surveys by hydrologists and in exploration by the petroleum 
industry. Their use in geotechnical engineering has been, 
however, rather limited, to say the least. For example, 
the recent ASTM symposium on "Evaluation of Relative Density 
and Its Role in Geotechnical Projects Involving Cohesionless 
Soils" contained only one paper where nuclear devices had 


been used to measure in situ densities and then only at 
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Shallow depths. 


In view of the limitations of the conventional 
penetration tests as described in the previous sections, 
Subsurface-type moisture and density probes were investigated 
for use in this study. The results are very encouraging. 
Pertinent details relevant to the subsurface probes used 


in this investigation are presented below. 


Tewari eVeSsCLiIPcLon OL. LNeOry 


The basis for nuclear determination of water 
content and density of soil has been described by Waananen 
(1964) as follows: 


Water Content - "High energy (fast) neutrons 
emitted into soil by an appropriate radioactive 
source will scatter in a random manner and lose 
energy in elastic collisions with low atomic- 
weight nuclei. Neutrons are particles of matter 
having a mass almost equal to that of a hydrogen 
atom, the one atom in most soils with a comparable 
mass; thus, the scattered neutrons lose more 
energy in collisions with the hydrogen atom 

than with any other atom generally found in the 
soil. Some of the neutrons slowed by the 
collisions return to the vicinity of the source 
and can be counted by a thermal (low-energy or 
Slow) neutron counter. The count obtained is 

an indication of the number of hydrogen atoms 
present. Water is the principal source of 
hydrogen atoms in soils and the count provides 

a measure of the amount of water in the soil 
surrounding the source of "fast neutrons". 


Densicy — “Gaia rays emitted into Soil by a 

gamma source.are scattered bythe electrons 

in the soil and lose energy in the process. 

The number of scattered rays returned to a 
detector near the source and counted, depends 

on the average length of the path of the ray 

to the detector and source, a calibration relation- 
ship can be determined that would be effective 
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for most soils. The electron density increases 
proportionally with the density of the soil and 
causes greater scattering’ and energy loss. Thus, 
with increased density, the chances that scattered 
gamma rays will return to the detector with 
sufficient energy to be counted become smailer 

and count rate drops. In common types of soils, 
therefore, a low gamma ray count indicates high 
density, and a high count indicates low density." 


4.4.4.3 Nuclear Equipment Used 


The d/M - Gauge system, manufactured by Nuclear- 
Chicago Corporation of Des Plaines, Illinois, was used in 
this study. The system includes a portable scaler 2800A, 
usable interchangeably with each of the two subsurface 
probes - depth-moisture probe P-19 and depth-density probe 
P=20. Standard radiation sources are: moisture, 4-5 
millicurie (mc) radium-beryllium, 1,620-yr half-life; 
density, 3mc cesium 137, 35-yr half-life. The probes are 
1.50 inches in diameter. Details of the design and app- 
lication of the d/M Gauge system have been presented by 
Neville and Van Zelst (1960). Figure 4.15 is a photograph 
of this equipment being used in the field. As a check on 
the performance of a probe with time, a radiation count can 
usually be taken in the standard shield provided with the 


probe. 


Although properly designed pociear probes have 
been used in uncased open drill holes (Preiss and Lahat, 
1972), generally speaking, an access tube is needed for 
advancing a probe to the depth required. In this study, 


a 20 gauge steel (wall thickness of .0375 inches) tube with 
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inside diameter of 1.55 inches was used for this purpose. 


4.4.4.4 Calibration of Nuclear Probes 

Calibration of the probes was carried out in bulk 
samples of tailings materials placed in a large container 
Suitably designed for the purpose. The calibration container 
was approximately 20 inches in diameter and 30 inches in 
height. The size of the container was chosen after tests 
had shown that in this size container, the boundary effects 
were eliminated. It was provided with a screen base about 
2 inches above the bottom. A drain was provided near the 


bottom of the container below the level of the screen base. 


The probes were calibrated by placing tailings 
sands around an access tube placed at the centre of the 
above container. A schematic sketch of the calibration set 
up is Bhown in Appendix B. The material was placed under 
water until the container was nearly full. Excess water was 
removed to maintain water level in the container at the 
surface of the sample. The procedure followed after this 
was as given below: 

i) All necessary weight and volume measurements 
were taken to determine the initial total (wet) 
density. Assuming a degree of saturation of 
100% and knowing the specific gravity of the 
material, it was possible at this point to 


estimate the average initial water content. 
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But the value of initial water content used 
for calibration purposes was actually back- 
figured from the water content measurements at 


the end of the run as described later in this 


sequence. 


The probes were lowered inside the access 

tube, one at a time. Duplicate counts of one 
to two minute queen were taken at various 
depths within the middle 12-inch depth of the 
access tube. The average of these readings, 
and the density-moisture measurements from step 
(i) provided one point on each of the two sets 


of curves in Figures 4.16. 


To account for changes in the standard count 
of a probe either due to deterioration of the 
radioactive source or due to some other random 
variations, ratios of the count in the soil to 
that in the standard shield were used for 
calibration purposes as shown in the Figure 4.16. 
During this study standard counts were 
frequently taken to ensure high quality 
calibrations. 

At this point, water was drained from the 
sample through the bottom tap. Vacuum was 
applied as required until a reasonably uniform 


water content distribution was achieved as 


oef 


bos tneduoo +tetew [sitint te esisw ade sve. 
-zxosd yilsytos 2swW Boseogqiug notssudifes x02 
js esdnemetvesam stristroo asitsw SH3 mox2 bexsptt 
aids mi tosel Bodixaueb 2s aut siz te bne oft 
- soneupes2 
gasps’ sft ohiant berswol sisw asdoxq eAT 
eno to ainvoo stsotiqud .smts s #6 eno ,sdws 
avoiisv 36 nsaist siow sottsrub ssuatm ows oF 
efit to rigqsh doni-Sl olbbim of cirtiw endsqeb’. 
\eyitibses seeds Io spsisvs sit .sdudt eeecss 
qodge mort 2tinomeivesem studetom—yi tense oat bas 
odes ows off To dose no tnioeq ono Babivorg (5) 


.pi.h esxupli mi asviuo to 


tsvuo> buisbasse sds ni 2opnsds toi tavoods of 
‘eas to noisstoirstob ot sub sedtie sdoiq s t6 
mobret tarito emoe ot sub XO Sone svist 2 soLbst 
-6F Ltoe nee tt tnsioo edt Io eottsx ‘ saokoeeaee 
tot Bbseu stiow blsftie btsbasje ods at tsi 

of,8 sxnpit sag ni nwote es5 asecquug noidsidiias 
Sisw ejavoo brsbasta ybutge eidas pata 

vViilsup dpid eavens oF isiestes yidnoiups1? 
-ecoistsudt iso 

oft mouk bonisyb esw xotew ,tmiog aids dA 

26w mMuDBVY =. gad motsod ong dpuosdt ol qnse 
mrolian yidsveesex 6 Litany berkeps: es bs igas 


28 bovoldos eew nottudiaserh tneddoo ze4e~ 


4 





iv) 


v) 


vi) 


aia} 


LSE 


indicated by measurements taken with the 
moisture probe. 

The new weight and volume measurements of the 
sample were recorded and step (ii) repeated. 
Further drainage from the sample was carried 
out and steps (iii) and (iv) repeated. 

Step (v) was repeated as many times as 
possible until further drainage was impossible 
under the maximum vacuum available. At this 
point, the sample was disassembled and 
specimens recovered from various depths for 
water content determinations. The average of 
these values was considered to represent the 
water content for the last calibration point. 
Water contents at the initial and the inter- 
mediate stages of the calibration sequence 
were back-figured from this value. 

Steps (i) to (vi) were repeated at various 
initial densities as required to achieve 


calibration curves as shown in Figure 4.16. 


It should be noted that the calibration curve 
for the Craigmont tailings in Figure 4.16A is 
different from that of all other materials. 
This results from the unusually high iron 
content in the Craigmont tailings as indicated 


byiauspecifiietgravity of 350 (Tabbend;3). 
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Pertinent discussion of the effect of iron 
on water content determinations by nuclear 


methods can be found in Burn (1966). 


4.4.4.5 Development of a Suitable Testing Technique 
In the fall of 1972, a preliminary testing 


program was undertaken to assess the suitability of the 
nuclear equipment under actual field conditions. Although 
some tests were performed at all three dam sites described 
in’ this chapter,’ the» largest’ number of tests* were performed 
at the Brenda tailings dam. Therefore results from Brenda 
Mines only are presented herein. Tests were performed at 
four different locations along the crest of the dam, spread 


over a distance of about 1000 feet. 


A tamp and auger procedure was used in the 
installation of the access tubes (Figure 4.17). Briefly, 
this procedure consisted of initially pushing an access 
tube of known length to the bottom of a preaugered hole. 
The depth of the hole was predetermined so that the access 
tube had an initial stick-up of 4 feet above the ground 
surface. After this initial step, the access tube was 
pushed or tamped lightly a few inches at a time. Between 
tampings the material from inside the access tube was 
removed with the aid of an auger. In this manner an 
access tube could be installed essentially as an open end 


tube with a minimum of disturbance to the surrounding 
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material. Readings were taken with the nuclear probes 
at frequent intervals within the bottom 4 feet of the 
tube. By selecting various tube lengths, probe readings 
were taken to a maximum depth of 14 feet in this phase 
of the investigation. 

The results are presented in Table 4.1. The range 
of values of 82.0 to 89.5 pcf for dry density is well 
within the range obtained during other investigations 
on this site (Ripley, Klohn and Leonoff, 1973) using 
conventional methods. At a few locations, density measure- 
ments were also made at shallow depths with the aid of a 
conventional densometer. The results compare quite well 
with those obtained by nuclear methods as shown in Table 


4.1. 


Since testing could only be carried out to limited 
depths using the above tamp and auger procedure, a 
different technique of installing access tubes was adopted. 
The new procedure consisted of driving access tubes closed- 
ended by means of a drop hammer. The driving mechanism 
consisted of a light weight tripod fitted with small power 
winch to operate an 80 pound drop hammer. A 10-foot section 
of access tube was provided with an end plug having a 
conical point. Because of the thin wall nature of the access 
tube, driving was performed on E-size drilling rods resting 
on the end plug inside the tube. In this manner, the driving 


force was applied directly to the lower end of the tube and 
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it was subjected to tensile stresses only in the process. 


After the initial 10-foot length of access tube 
was driven into the ground, 5-foot extensions of suitably 
modified Ex-Flush-Coupled drill casing were added as 
required to achieve further penetration. After each 10- 
foot penetration, density and moisture readings were taken 
with the nuclear probes within the bottom 10-foot section 
of access tube. All pertinent equipment details are given 


in Appendix B. 


It was a matter of concern that the above driving 
technique, although successful in installing the access tube 
to greater depths than those possibie with the tamp and 
auger procedure, would cause excess disturbance to the 
Surrounding soil. Regarding the net effect on the soil, 
the driving of the access tube is essentially analogous 
to the expansion of a cavity in a soil mass. Vesic (1972) 
has presented a rather detailed treatment of the subject of 
expansion of cavities. The case of an expanding cylindrical 


cavity is of particular interest here. 


Consider the problem of a cylindrical cavity of 
initial radius R; expanded by a uniform distributed radial 
pressure p. If pressure p is increased, a cylindrical zone 
around the cavity will pass into a state of plastic 


equilibrium after a threshold valve is reached. The plastic 
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annulus will expand until the pressure reaches an ultimate 
value Pus At this moment the cavity will have a radius Ry 
and the plastic annulus a radius Jog Beyond the plastic 
annulus, the soil mass remains in a state of elastic 


equilibrium. 


The above problem has been treated by Vesic (1972) 

based on the following assumptions: 

Tyeetneusoci) rneche plastic zone behaves .as .4 
compressible solid, defined by Mohr-Coulomb 
failure criterion and an average volumetric 
Strain 2; 

ii) beyond the plastic annulus, the soil behaves 
as a linearly deformable, isotropic solid 
defined by a modulus of deformation, E, and 
a Poisson's ratio u, 

fa pelore co the application of load, the 
entire soil mass has an isotropic effective 
stress gq and the body forces within the plastic 
zone are negligible when compared with existing 


and applied stresses. 


The following equations form the basis for the 


ta 
above work by Vesic: 


i) equilibrium equation for radial plane strain, 
t t) 7 t 
pear rR Ss 8 Lh, © Rae Ge me OF E> (4/2)) 
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where o'_= effective normal stress in. radial 
direction at radius r, 
and o%gr effective circumferential normal 


stress; 


ii) equation of Mohr-Coulomb failure criterion 


for cohesionless sands, 


ub 0 ded, PAEGSin. ¢' 
Sie Sin * 
iii) a relationship stating that the change in 
volume of the asaifase is equal to the change 
in volume of the plastic annulus plus the 
change in volume in the elastic zone beyond 


the plastic annulus. 


From the above work of Vesic (1972), the values 
of Py R, and A can be determined. In the present study 
analyses have been performed for Brenda sand at two 
typical depths (2 and 20 feet). For a.¢' of 35° and from 
the consolidation data for Brenda sand in Figure 3.23, the 
values of various input parameters Hever hecn computed as 


given below. 


At a depth of 2 feet, 


q -062 tons per square foot 


I 


E 9.0 tons per square foot 


i = 0.3 
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and at a depth of 20 feet, 


gq = .62 tons per square foot 


ea 
I 


90.0 tons per square foot 


yasi0e3 


*Ateboth»ofrtheseedepths! the values of Ry and A 


are computed so that, 


R_ = 5.5 inches, 
and A = 1.2 percent. 
For a typical access tube (radius = .81 inches), 


the volume changetof the; cavity.is)2.06 cubic inches per 
lineal inch. In the above analysis, the volume change in 
the elastic zone is 0.95 cubic inches. Hence, the volume 
Changesingthe plasticoannudus) is, 1.11 cubic, inches; 


equivalent to an average volumetric strain of 1.2 percent. 


TESiSeOLpinterest to note thatwin thesabove 
analysis, the values of Be ands Avarestunctionsso£+E/qe« 
Since this ratio is constant for the two cases considered 


above, similar values of - andy Asares obtaineds 


The radius of influence for radiation count with 
thes density, probe,.is a.function of the density of the 
medium in question. In an extremely dense medium such as 
the lead shield, the radius of influence appears to be 


less than 2 inches and in loose soils a maximum of 10 
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inches (Rix, 1965). For the range of densities of interest 
in the tailings dams, however, it can be assumed that the 
volume of influence of nuclear radiation is contained within 
a 6-inch radius or within the plastic annulus of the Vesic 
analysis. Hence, it appears that the density measurements 
by nuclear probes are likely to be in error by about 1 
percent due to the disturbance caused by driving of an 
access tube. It should be noted at this point, that Vesic's 
analysis is usable only in the case of loose to medium dense 


sand where volumetric strains cause a decrease in volume. 


A limited number of tests were performed in the 
laboratory to assess the net effect of driving an access 
tube on the measured value of density by nuclear probes. 
Bulk samples at various densities were prepared of Brenda 
sand in a manner similar to that employed for calibration 
purposes in Section 4.4.4.4. Weight and volume measurements 
were made to determine the initial average density in each 
case. An access tube was then driven in the centre of 
the sample in a manner similar to that proposed for the 
field testing. The results are presented in Table 4.2. 

It can be seen, in the range of densities tested, that the 
measured values by nuclear methods are within 1.3 pcf of 
the initial average densities. Furthermore, it should be 
noted that under the prevailing low confining pressures, a 
test at the low initial density of 84.7 pcf shows an 


increase in density on driving of access tube and that at 
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the initial density of 87.2 pcf, a decrease in density. 
Comparative tests were performed at the Brenda and 
Bethlehem dams using the two techniques of installing access 
tubes described previously. The results are presented in 
Figure 4.18. It is encouraging to note that the differences 
in measured dry Rah Sbties are comparable to those measured 
in the laboratory and well within the range of values bhai 


can be expected in duplicate tests as shown in Table 4.1. 


Tests were also performed at the Brenda tailings 
dam to compare density results from driven access tubes with 
those obtained by the conventional drive cylinder method in 
backhoe test pits excavated for the purpose. The drive 
cylinder method used was essentially similar to "ASTM Test 
for Density of Soil in Place by the Drive Cylinder Method 
(D-2937-71). This type of test procedure was followed be- 
cause previous testing on this site had indicated that more 
consistent results could be obtained by this method than 
those by the conventional densometer (Maartman, 1973). 
Testing was carried out at two sites situated approximately 
500 feet apart along the crest of the dam. Two to three 
tests were performed with the drive cylinder method at 
each selected depth to a maximum depth of 17} feet. 

All tests below 9 feet were performed from inside of 
a 4-foot diameter protective casing. The test results 
are presented in Figure 4.18. A 45-degree line and lines 


representing relative densities of 70 and 100 percent 
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based on maximum and minimum densities given in Table 

3.3 for twice cycloned prenes sand are also shown in 

this figure. The results at or below 70 percent relative 
density show an extremely good correlation whereas those 

at higher densities show some scatter. However, in view 

of the large variations in densities that can occur ae vehiis 
site over short horizontal and vertical distances, particular- 
ly in areas of high densities, the scatter in the results is 
considered to be within an acceptable range of values. Thesé 
variations in densities occur due to non-uniformity of 
compactive effort applied by the bulldozers used to form 
cells for hydraulic filling. Furthermore, the above test 
sites had been located in an area of the dam where a lift 
ofesand f111 had been placed by conventional earth moving 
equipment during an unusually long shutdown period due to 

a labor strike, hence the extremely high densities as shown 
in Figure 4.18. Figures 4.19 and 4.20 present photographs 

of the tripod and drop hammer arrangement, and a density 


sample recovered by the drive cylinder method respectively. 


Figure 4.21 presents results from two typical test 
sites at the Brenda tailings dam where perched water table 
was encountered. One test site was located at the crest 
of the dam and the other at the toe. The results are shown 
in terms of dry density and degree of saturation computed 
from readings of nuclear probes. It is encouraging to 


note that within the zones of perched water table the degree 
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of saturation computed as above, in general, ranges from 


98.0 to 102.5 percent, encouraging results indeed. 


4.4.4.6 Results of Field Investigations 

On the basis of the above considerations and the 
results of the previously described comparative testing 
it is concluded that the driving of access tubes produces 
Satisfactory results. All further testing was carried 
out in access tubes installed by this method. Figures 
4.22 to 4.25 present results of all further testing carried 


out at the three tailings dams included in this study. 


Figure 4.22 presents typical density results from 
tests performed at Brenda dam at three locations - two at 
the crest of the dam and one at the toe. Approximate 
locations of the test sites are shown in the figure. [In 
conjunction with sampling required for determination of 
grain size distributions, Standard Penetration Tests 
were performed at two of the locations and the results are 
shown. Results are also shown for a Dutch cone test 
performed at one of these locations during a previous 
Investigation by Ripley, Klohn, and. .Leonoff (1973). Straight 
lines representing 30, 50 and 70 percent relative densities 
based on the limiting densities given in Table 3.3 for 
the twice cycloned Brenda sand are also shown. N-values 
measured at the two test locations (Figure 4.22) are shown 


plotted in Figure 4.23. For comparison, N-values computed 
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according to the correlation of Gibbs and Holtz (Figure 
4.13) and Bazaraa (Equations 4.1) for relative densities 
measured at these locations by nuclear probe are also 

shown in Figure 4.23. It is ervieas that the measured values 


do not correlate well with those computed by either method. 


Figure 4.24 presents results of tests performed 
at the Bethlehem tailings dam. The relative density lines 
of 30, 50 and 70 percent based on limited densities given in 


Table 3.3 for 1972 Bethlehem sand are also shown. 


Figure 4.25 presents results of tests performed at 
the Craigmont tailings dam at two locations - one at the 
crest of the dam and the other on the beach at a distance 


of 300 feet from the first. 


4.4.4.7 Discussion of Results 

Densities at the test locations shown in Figures 
4.21 and 4.22 at the Brenda tailings dam as obtained by 
testing with the nuclear probes range from 84.0 to 106.0 
pef or 25 percent to over 100 percent, in terms of relative 
density. The majority of the test results, however, fall 
within a range of 30 to 70 percent relative density with 
large portion of results giving a relative density of more 
than 50-percent. . ft is felt that™the above’ large PePtaions 
in densities at Brenda tailings dam are the result of the 


hydraulic cell method of construction followed at the site. 
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It is interesting to note that with the nuclear 
methods, moisture as well as density profiles are obtained 
as shown plotted in terms of degree of saturation along 
with the density results. Moisture profiles are useful 
in locating perched water tables and zones of saturation 


as shown in Figure 4.21 at Brenda tailings dam. 


Density results at the test locations shown in 
Figure 4.24 at the Bethlehem tailings dam fall within a 
range of about 45 to 68 percent in terms of relative density 
and 89 to 94 percent of maximum density as determined by 
the Standard Proctor Test (Table 3.3). No water tables or 
zones of saturation were encountered at this site. It is 
interesting to note, however, that at the test site in 
Figure 4.24A where sand was placed more than a year before 
testing was carried out, the degree of saturation is a 
maximum of about 32 percent. While at the test site in 
Figure 4.24B, where sand had been placed about a month before 
the testing, the degree of saturation ranges to a maximum of 


55° percent. 


Density results at the test locations shown in. 
Figure 4.25 at the Craigmont tailings dam range in value 
Eons. SES MIZOMON pce be between 80 and 100 percent of 
maximum density determined by the Standard Proctor Test. 
Results from this site are not presented in terms of 


relative densities due to the high percentage of fines in 
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the material rendering it unsuitable for determination of 
maximum ates by vibratory methods. As expected due to 
the upstream construction at this site, zones of high 
degrees of saturation are encountered as shown in Figure 


A255 


4.5 In. Situ Permeability Tests 
4.5.1 General 


It has been indicated in the previous chapter that 
the subject of permeability of tailings sands is a very 
basic one to the safe and economical design of tailings dams. 
The results of a laboratory testing program to study the 
influences of void ratio and grain size distribution on the 
coefficient of permeability of various tailings materals 
have been presented in Chapter III. In addition to these 
variables which can be controlled in the laboratory, the 
coefficient of permeability is also a function of 
stratification and structure of materials in situ, which 
in the case of tailings dams depend on the method of sand 
placement, degree of segregation and possible resulting 
non-homogeneities. In view of these considerations, it is 
generally thought that coefficient of permeability can 
best be determined by in situ testing. In conjunction with 
density measurements discussed in the previous section, 
field investigations also included measurement of in situ 
permeabilities at the three tailings dams. All pertinent 


details of the testing program are presented below. 
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4.5% ges In. Situ Permeability Measurements Below Water Table 


Below the ground water table, in situ permeability 

determinations can be made by two methods: 

i) pumping-out test in which water is pumped from 
a bore hole or a test pit at a constant rate 
and the drawdown of water level observed in 
observation wells placed on radial lines at 
various distances from the pumped well, and 

i+) infiltration test in which water is fed into 
a bore hole or a piezometer and the rate of 
seepage observed under a constant or variable 
heads jA variation of this test is toi bail out 
the water from the bore hole and observe the 
rate of inflow under constant head condition 
or observe the rise in water level as a 


Bunet10n Jot time. 


The pumping-out test is rather expensive to perform 
but the theory and the computational techniques are well 
ee cabicios: Computational techniques are also well estab- 
lished in the case of infiltration tests but knowledge of 
asparameter, called “intake or shape factor" of the bore 
hole or piezometer tip is required. The intake factor 
depends on the shape and the dimensions of the seepage area 
of the. bore hole or the piezometer tip. Intake factors for 
piezometers of various shapes have been presented by 


Hvorslev (1951) and are reproduced here in Figure 4.26. 
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Cases 1, 4 and 8 are of particular interest in this study 


and are discussed below. 


The formula for Case 1 is based on the consider- 
ation of a point source. It is the same as that derived by 
Gibson (1963) for a spherical piezometer tip by direct 
integration of the poveniind equation. The formula for 
Case 4 does not have any formal mathematical basis and 
is nipstsing in nature. The derivation of the formula 
for Case 8 is based on flow from a line source for which 
the equipotential surfaces are semi-ellipsoids (Dachler, 
1936). Therefore, the formula provides only approximate 
results when it is applied to a cylindrical piezometer. 
Intake factors for cylindrical piezometers have been 
obtained by Al-Dhahir and Morgenstern (1969) by numerical 
integration of the governing equation using the finite 


difference technique. 


a5 03 +in''Situ Permeability Measurements Above Water Table 
4.55 339)L+ General 


Whereas theory and procedures for performing in situ 
permeability tests in saturated soils below the ground water 
level are well established as described in the previous 
section, the opposite is true in the case of partly 
saturated soils above the water table. Generally this 
presents little problem in geotechnical engineering, as 


measurement of permeability of partly saturated soils is 
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seldom needed. This is not so in the case of a tailings dam, 
however, where generally a large volume of material in tne 
dam is in a partly saturated condition and the zones of 
saturated material are inaccessible for testing. Further- 
more, assessment of permeability of a tailings sand is 
requiredenct only in a fully saturated condition but also 
under other conditions when the material may not be fully 
saturated such as on rewetting. All pertinent details of 


the studies carried out on the subject are presented below. 


4.5.3.2 Previous Studies 
A review of the English literature on the subject 
indicates that several investigators have reported work 


relevant to the topic at hand. 


Aronovici. (1955) and Johnson (1963) report a ring 
infiltrometer test in which two or more concentric pipes 
are pressedvorydriven into the soil for the purpose of 
maintaining a small head of water on a given surface area. 
It results in the measurement of rate of infiltration under 
the influence of gravitational head and hence, the coefficent 
of permeability in the vertical direction. The test, how- 
ever, can only be performed at shallow depths below the 


ground surface. 


Schmid (1966) suggests a variable head test ina 


cased hole above the ground water table assuming that the 
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wetting front has a spherical shape. The results from this 
test are likely to be approximate, at best, as the flow 
from a cased hole above the ground water table is of an 
axisymmetric nature rather than spherical as will become 


obvious later in this development. 


Zangar (1953) proposes a "pumping-in" test in which 
a constant discharge of water is fed into a 6-inch diameter 
or larger auger hole with a gravel pack at the bottom. The 
water level in the casing will rise until the head is 
sufficient to transport flow introduced. The interpretation 
of the results is based on the work of Glover (1953). Glover 
summarizes the problem as follows, 


"Since the gravitational potential must be 
treated explicitly here, an exact solution would 
require that an expression be found which would 
satisfy Laplace's equation within a region possess- 
ing radial symmetry with respect to the axis of the 
hole. At an inner boundary the pressures would 
have to be adjusted to zero along some streamline 
with the gravitational potential accounted for 
everywhere. 


Leywould besvery diitivcultsto find a solution 
satisfying these requirements, and it will there- 
fore be expedient to use an approximation. This 
will be obtained through the following procedure. 
Consider first the case where the surface of the 
ground is kept supplied with water so that it 
remains covered to a very small depth. The water 
will then move downward through the ground under 
the influence of gravity and the pressure will 
be zero everywhere. The flow will be at a rate 
which could be maintained by a unit pressure 
gradient. Now Suppose a point-source of strength 
q second-feet (ft /sec) is superimposed on the 
gravitational flow system. This will give rise 
to pressures and new velocities. At a great 
distance below the source, the velocities due 
EO the source willl be negligibly small and only 
the velocities due to the gravitational force 
WAMLLeeEGINGLL I) «.w'eiee 
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He proposes a solution using a series of point 


sources of increasing strength with depth along the axis 


of the hole. Glover's solution satisfies the Laplace Equation 


but some of the boundary conditions are not satisfied. 


A "pumping-in" test can also be performed by 


discharging water into a cased hole under a constant pressure. 


The rate of discharge will vary with time, ultimately 
reaching a constant value provided the test is boneimued 

for sufficient length of time. Palubarinova-Kochina (1962) 
solves the above axi-symmetrical flow problem by considering 
a point source in otherwise dry soil. The solution is 
approximate but satisfies the Laplace equation as well as 
all the boundary conditions. Since the solution is 
attributed to an unobtainable Russian paper and the brief 
presentation by Palubarinova-Kochina contains several errors, 
a detailed derivation has been prepared (Nuttall, 1973) and 


is included in Appendix C. 


The velocity potential and the stream function for 


the flow problem at hand in cylindrical coordinates are: 


Kg Kq 
¢ = — ————— + nh ESR NON 4 Kz ~ (4.4) 
je + ee yin eh 4 + We 
4 oe. (2b) 
ae ee ROS ie es iL ste aro: 
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where uA = 2° + a 


Z is vertical axis (positive in downward direction 
as shown in Figure 4.27) ; 


Ko= coecftficient of permeability; 


e 
II 


velocity potential; and 


Y = stream function. 


The "potential function ® and the stream functicn ¥ 
are defined with respect to velocity components ve and Ne 


(Figure 4527) by 


— oe | FAT ob 
Nie ees car ey, geen cpa. | eye (4.6) 
=~ 300 Ne lp 
and \e = jn = ror aoa q0 (Ae) 
¢ is related to the piezometric head h and the pore 
Pressure, p by 
DT ree (ee Aer a al eee (4.8) 
Vw 
where ea unit weight of water 


The velocity potential given in Equation 4.4 represents a 


POllcesOurce atiithe, Origin, and of strength 


Q = 4K1q, 
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a sink on the z-axis at z = -b and of strength 


Q= ~49Kqy. and a uniform field with velocity 


parallel to the positive z-axis. 


On the basis of the derivation presented in 


Appendix C, Equations 4.4 and 4.5 can be rewritten as: 


Zhen | 
¢ = Ka ba + 2] 1 (4.9) 
Jy + R B20 ele, \/(2+4.5) 2 ae R? | 
See Rae CINLOWNZE4 ioe Meier (410) 
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|22 a a 
where a = 342], 


, and 


M1 g[N 


Other details of the derivation presented in 
Appendix C are shown plotted in Figure 4.28. Lines of 


equal head are also shown. 


4.5.3.3 Formulation Relevant to Constant Head Permeability 
Test Above Ground Water Table 


From a constant head test in a saturated soil 
below the ground water level the coefficient of permeability 


K can be determined by: 
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where q rate of discharge 
F = intake factor (Figure 4.26) 


h = excess head at the piezometer tip 


It is hypothesized in this presentation that if a 
constant head test is performed above the ground water level 
until a steady state condition is reached as discussed in the 
previous section (Zangar, 1953, and Palubarinova-Kochina, 
1962), the coefficient of permeability can be computed 
also from Equation 4.11. In order to compute the coefficient 
of permeability, a knowledge of intake factor F for the 
piezometer is therefore needed under the existing test 


conditions. 


Initially, the soil around the piezometer is only 
partly saturated. As the test progresses, a zone of in- 
creased saturation develops around the piezometer tip until 
an ultimate shape as shown in Figure 4.28 is reached with an 
ever advancing wetting front below the piezometer. Ul- 
timately within this wetted zone, a steady state seepage 
condition is reached and the distribution of piezometric 
head can be represented by the Laplace equation in cylin- 
drical coordinates for an axisymmetrical case: 
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Where h, r and z are as described in the previous 
section except z is positive in upward adarecrtron. The 
intake factor for the piezometer can be determined from a 
solution of Equation 4.12 for the appropriate boundary 


conditions as discussed below. 


4.5.3.4 Numerical Analysis by Finite Element Technique 


In this study, 4 solution of Equation 4.12 is 
obtained by a finite element technique for piezometers of 
spherical and cylindrical shapes, and for a cased drill hole. 
The finite element program used herein is that which has 
been presented by Kealy and Busch (1971) based on the work 
of Taylor and Brown (1967). This computer program can 
handle problems of two dimensional plane flow as well as 
those of axisymmetrical flow. The program is rather 
versatile and can analyze an anisotropic flow system as 
Welpvag establish the location of the phreatic surface. 

The tnee workings of this finite element program have 

been discussed in great detail by several authors (Kealy, 
and Busch, 1971; and Guther, 1972). Therefore Only’a briet 
description of the input information required and the out- 
put information produced by the computer program is given 


herein. 


The first step in any numerical analysis is to 
define or isolate the region of interest in terms of boun- 


dary conditions. Figures 4.29A and 4.30A illustrate 
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typical input data required for analysis relevant to 
spherical and cylindrical piezometers. Boundaries are 
specified by the geometry of the problem as follows: 

i) surface DEF represents applied upstream equi- 
potential line along the surface of the pie- 
zometer; 

ii) surface ABC represents an estimated initial 
free surface; 

iii) surfaces AD and FG represent impervious 
boundaries due to axial symmetry of flow; and 

iv) surface CG represents advancing wetting front 


and downstream zero potential line. 


The fourth boundary condition along surface CG 
(Figure 4.29A and 4.30A) deserves a further comment. As 
discussed previously in Section 4.5.3.2, at a great distance 
below the piezometer, the pore pressures and the velocities 
due to the applied pressure at the piezometer tip are 
negligibly small and the water flows in a downward 
direction under the gravitational forces only. Therefore, 
if it can be assumed that surface CG is situated at a 
sufficient depth below the piezometer tip, then water flows 
across this boundary in a downward direction under a 
hydraulic gradient of unity with pore pressures equal to 


Zero. 


The above program develops and prints the follow- 
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ing information: 

err oDrI nee Or Ainputedarta, 

ii) nodal point pressures and equipotential 
values, 

iii) element flow rates at the centre of each 

element, and 

iv) for free surface problems, mesh correction is 
printed after each iteration. Figures 4.29B 
and: 4.30B illustrate typical out-put data for 
the spherical and cylindrical piezometers. 
Points A' and B" on the Phreatic surface 
obtained by Palubarinova-Kochina's method for 
an equivalent point source are also shown. 
As can be seen, there is a remarkable agreement 


between the results from the two methods. 


The rate of discharge q can be computed from the 
information in item (iii) above. Therefore from known 
Valles of 1, K.anduq,.the intake factor F can now be 
computed from Equation 4.11. For homogeneous and isotropic 
soil conditions, the results are presented in a convenient 
dimensionless form F/D in Table 4.3. For comparison 
purposes, .F/D wakues are also presented for below-ground— 
water condition based on the works of Hvorslev (1951), 


Gibson (1963) and Al-Dhahir and Morgenstern (1969). 
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It is of interest to note that F/D values detern- 
ined by the finite element analyses for above-ground-water 
condition are consistently higher than those based on 
Hvorslev's formulae (Figure 4.26) for comparable piezometers 
for a below-ground water condition. For a cylindrical 
piezometer with L/D ratio between 3 to 6, F/D values for 
above-ground-water condition are approximately one-third 
higher than those for comparable piezometers in below 
ground-water condition. It can be argued that this 
difference in F/D values is rather insignificant in light 
of the inaccuracies inherent in in situ permeability tests. 
The difference for a cased drill hole, however, appears to 
be significantly higher and hence should perhaps be taken 


into consideration. 


For anisotropic soil conditions Hvorslev (1951) 
presents the following equations for flow through the 
intakes (Cases 4 and 8 in Figure 4.26) for the below- 


ground-water condition: 


Case 4 q =o2¢75pD Kp peers (4213) 
21L Kph 
Case 8 q = —_——_———————e——— wwe (4.14) 


Ln (m L/D +/1 + (mL/D) ) 
where Kh = AKL K, 
m =/K,/K, 


Ki = coefficient of permeability in horizontal 
direction. 


K_ = coefficient of permeability in vertical 
vi direction. 
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A limited number of analyses were carried out to 
study the influence of anisotropy on intake factors for 
piezometers in the above-ground-water condition. The 


results are presented in Table 4.4. 


475. 0.0 Setuciles wit Model "Pte zometer 

A study was undertaken in the soil mechanics 
laboratories at the University of Alberta with a model 
piezometer as a check on the theory and the results of 
the analyses presented in the previous sections. A 
cylindrical piezometer of \-inch diameter and L/D ratio 
of three with design details similar to those of the 
piezometer to be employed in the field investigations was 
used in the study. Design details of the piezometer used 


in field investigations are given in Appendix B. 


Tests were carried out in the large drum-like 
container used previously in calibration of nuclear probes 
(Section 4.4.4.4). A tailings sand was placed under water 
and around the model piezometer situated in the centre of 


the drum at a depth of about 12 inches from the top of the 


container.To assimilate field conditions, the sand was then 


allowed to drain from the bottom with vacuum being applied 
as ‘required ‘to’ facilitate’ drainage. After sand had been 
drained sufficiently, the vacuum was disconnected and the 


average void ratio of the sand determined. The piezometer 


standpipe was filled with water and connected to a constant 
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head permeability apparatus to be described later in this 
chapter in conjunction with field testing. In this manner, 
the test was allowed to proceed under a constant head 
condition and the rate of discharge recorded with time. 

The test was allowed to continue until a steady state 
condition was reached or at least nearly so. To ascertain 
the degree of reproducibility possible; the test was 
repeated several times under different heads. The results 


are discussed below. 


As discussed previously in Section (4.5.3.2) in 
the above constant head test, the rate of discharge has 
a high initial value and decreases with time, ultimately 
reaching a constant value after a long time. This ultimate 
constant rate of discharge can then be used in Equation 
(4.11) to compute the coefficient of permeability. To get 
a constant rate of discharge, however, a test may have to 
be continued for several hours, which is not always con- 
venient, pare dealar ly in the field. This will .become 
obvious later in this chapter. Typical discharge versus 
time plots are shown in Figure 4.31. It can be seen in this 
figure that the rate of discharge drops off rather rapidly 
in early stages of the test from the initial high value and 
then decreases more gradually at a reduced rate thereafter. 
The results are also shown plotted in Figure 4.32 in terms 
of q versus to? These appear to result in linear plots 


and are in general agreement with the work of Al Dhahir 
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(1967) and the following rather well established relation- 
ship from the theory of infiltration in unsaturated soils 


by Philip (1957): 
Q= at? + Bt ees (45) 
where Q is cumulative infiltration, A and B are 


constants, and t is time since infiltration commenced; 


and, tice race, of infiltration, 


-ik 
ied ee ae ne 
OG gq = A't 7? + B pie teaeee 4 0) 


5 


The wlineaG, nature, of the gq versus t ~ plots.is usedto an 


adventadewin estimating ultimate, q., att... by extrapolating 
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they resulLecatou gum .0,axis., The Qeeis thenwused ain 


Equation (4.11) to compute the coefficient of permeability. 


In situ permeability values measured during 
the model piezometer studies are presented in Table 4.5. 
For comparison purposes, the values of permeability 
determined in the laboratory permeameter as discussed in 
Chapter III for the tailings sand used in the above 
studies are also given in Table 4.5. At void ratios 


obtained in the model tests, the permeability values from 


3 3 


model piezometer tests range from 3.7 x 1) gut ce apa. 


cm/sec whereas those from permeameter tests range from 
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3 TOPs sx 10-2 cm/sec. These results indicate 


1 eas 
that permeability values from the model piezometer tests 
are one-third to one-half of those obtained by permeameter 
tests. This apparent discrepancy in the results is either 
due to the differences in degrees of saturation or the 
differences in the soil structure being obtained in these 


two types of tests or both. In view of these possible 


variations, the above discrepancy is not of any concern. 


It is felt that the results from the model pie- 
zometer tests represent the effective coefficient of perm- 
eability under the prevailing test conditions, similar to a 
large extent to those likely to exist in the field. The 
measured values may, therefore, be considered somewhat 
indicative of those which are to be measured in the field, 


all other things being equal. 


In the last test, food dye was added to the 
water supply in an attempt to establish the shape of the 
wetted zone around the piezometer. Figure 4.33 is a 
photograph of a cutaway section illustrating the same. 
It should be pointed out that this figure is presented 
to show the general shape of the wetted zone which certainly 
confirms the results of the theory and the finite element 
analyses but no quantitative conclusions can be drawn as 
the introduction of dye tended to plug up the sand with 


time. It also confirms that the test container was 
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sufficiently large so that the boundaries of the wetted 


zone were not interfered with. 


4.5.3.6 Field Equipment and Test Procedure 


A constant head permeability apparatus was designed 
for use in the field. A schematic sketch illustrating the 
details of this apparatus is presented in Appendix B. A 
noteworthy feature of the apparatus is that it is equipped 
with a series of flow meters so that the rate of discharge 
can be recorded at any instant of time by observing the 
position offthe indicator,in,an, appropriate flow meter. A 
photograph of the above equipment while in field use is 
shown in Figure 4.34. A 5-micron filter was provided in the 
system to prevent the fine suspended matter in the water from 
entering the piezometer and possible plugging of soil. Figure 
Joe omen photograph ota badly plugged filter atter being 


used in a permeability test and another one in new condition. 


A 1.5-inch diameter brass piezometer with L/D 
ratio of three has been designed for use in the field. 
The details of the piezometer are illustrated in Appendix B. 
The piezometer is essentially similar to that reported 
by ieare 7) (97 Ljeinithat.it hasya steel sleeve with a 
conical point covering the porous element during driving. 
The outside diameter of the sleeve is 1.62 inches and the 
piezometer is attached to a 10-foot length of A-rod with 


outside diameter of 1.72 inches. The piezometer is driven 
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into the ground using the’ drop hammer and tripod arrangement 
described in Section 4.4.4.5 for driving density tubes 
(Figure 4.19). After the first 10-foot length of A-rod 

is driven, 5 foot extensions of E-rod are added as required 
to achieve the desired penetration. Ally red) couplings have 
been suitably modified to provide PLressureatigntaceni ng 
connections and to give a minimum inner diameter of Bye 
inches so that head loss in the pipe during a test can be 


kept to a minimum. 


After the piezometer tip is driven to the desired 
depth, the rods are retracted through a distance of approx- 
imately 6 inches to withdraw the porous element from its 
protective sleeve. Figure 4.35 is a photograph of the pie- 


zometer rods immediately after being retracted. 


The piezometer standpipe is then filled with 
water and connected to the constant head permeability 
apparatus and the test is continued in a manner similar 
to that used in the model piezometer studies. Except 
for some of the tests at very shallow depths or where high 
rates of discharge (in excess of 1 usgpm) were encountered 
while filling the piezometer, all tests were performed in 
the manner described above. At these shallow depths and/or 
areas of high rates of discharge, a constant rate of 
discharge was fed into the piezometer standpipe and the 


rise in water level was recorded with time until a constant 
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(or at least nearly so) water level was established. 


5 


Head versus t«* plot (Figure 4.37) resulted.in,.a linear 


relationship and h_ was obtained by extrapolation as in 


=k 
the case of q versus t ” 


plots e(Sectiion 14..5.33.05 )e 
4.5.3.7 Field Testing and Presentation of Results 

In conjunction with work described in Section 
ow cust a preliminary testing program was undertaken in 
the fall of 1972 to assess the suitability of the perm- 
eability equipment under actual field conditions. Tests 
were performed at all three dam sites. The test results 
from Brenda, however are considered unreliable due to the 
inexperience with the equipment at the time of the testing 
and hence, are not included herein. Test results from 
Bethlehem and Craigmont dams are shmmnsueslaer in Table 4.6. 
As can be seen, results of duplicate tests show a remarkably 


high degree of reproducibility. 


The above testing was restricted to shallow 
depths only. Subsequent testing was undertaken in 1973 
to extend the in situ permeability measurements to greater 
depths ( a maximum of 62 feet below ground surface). Tests 
were performed at selected depths at 2 to 3 typical 
locations at each dam site. The results are presented in 


BPigunes, 4.214, A622, 4.24 ‘and 4.25%. 
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4.5.3.8 Discussion of Results 

The results from Brenda tailings dam are shown 
in Figures 4.21A and 4.22 and range from 1.9 x 107? to 
Ors aeX 10a, cm/sec. Figure 4.24 presents results from 


3 3 


Bethlehem dam ranging from 7.0 x 10 ~ to 0.4 x 10° cm/sec; 


and Figure 4.25 shows results from Craigmont dam ranging 


tistod Ua A =. 00” 


fromuls8y xa1L Ov cm/sec. 

Generally speaking, there are four variables 
which can influence the permeability values as measured 
at these dams - grain size distribution, density, structural 
details such as stratification, anisotropy, non-homo- 
geneities, etc., and degree of saturation obtained during a 
test. Density variations at the test locations are shown in 
the above figures. Typical samples were collected from 
various depths during the field investigation and grain size 
determinations made in the laboratory. Results are shown 
plotted in Figure 4.38. An approximate idea of the range 
of variations in grain size distributions can be obtained 
from these results. The structural details are essentially 
a function of the method of sand placement followed at a 
dam site and cannot be assessed quantitatively. Similarly, 
degree of saturation obtained during a test cannot be 


evaluated. 


At Bethlehem dam measured permeability values 


e) 


range from (Figure 4.24) 7.0 x 10° to 0.4 x 10° cm/sec. A 
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review of this figure indicates that densities at this 
site range from 05 > “cto 9155 ‘pct Siirom theritaiiangs, sand 
tested in the laboratory, permeability values for this 
range of densities vary between 3.0 x rhe ATCase 107° 


cm/sec. In view of these results and the possible vari- 


ations in grain size distribution of materials .(Figure 4.38), 
3 


t 


the measured values of 7.0 x 10 > to 0.4 x noe cm/sec for 
the coefficient of in situ permeability are indeed 


encouraging. 


In view of the expected large variations in grain 
size distribution of materials at Craigmont dam due to the 


upstream construction and as shown in Figure 4.38, the 


4 & 


measured permeability values of 1.8 x 10 “ to 0.4 x Oy 


cm/sec are within a remarkably narrow range. 


Measured permeability values at Brenda dam show 


2 EO B24 5 misc 107? 


the largest range (1.9 x 10. cm/sec). The 
sand at this site is twice cycloned and by far the coarsest 
and the cleanest of the materials encountered at the three 
dams investigated during this study. Whereas the values 

at the upper end of the range appear to be entirely 
reasonable for the sand in question, the values at the 

low end of the range appear rather low. Figure 4.38 

shows the grain size distribution curves for samples obtained 


from site c im Figure 422228. Onsithe| basisriof »the, laboratory 


test LresuLres shown iL Fagure® 3610) andi the test mesults 
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from Bethlehem dam, a range of permeability values of 
Qe, Duc LOD COZ C3 Lioat cm/sec can be justified for the 
above range of grain size distribution and the densities 


shown insFagure aQ22. 


A close examination of the results in Figures 
4.21A and 4.22 indicates that conditions encountered at 
these locations can be subdivided into three categories: 

i) areas of nominal densities (under 50% relative 

density) at shallow depths, typified by 
depths to 25 feet in Figure 4.22A and to 13 
feet in Figure 4.22C; 

ii) areas. of high densities (in excess of 6032 
relative’ density) and full or nearly full 
saturation typified by depths between 8 to 
17 feet in Figure 4.21A; and 

iii) areas of high densities and low saturation, 
typified by depths below 25 feet in Figure 


4.22A and below 13 feet in Figure 4.22C. 


Within areas in category (i) above, the measured 


permeability values range from 1.9 x 107% to 2.9 x 1072 
cm/sec - a reasonable range of values for the sand in 
question. 


Within areas in category (ii), the measured 


permeability values are as low as 1.6 x ioe cm/sec - some- 
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what low but perhaps still acceptable in view of the: 

values obtained at other sites. Within areas of the 

third category, the measured values of permeability range 

as low as 2.5 x Ole cm/sec - extremely low value for the 
sand in question. It is surmised that, the soil structure 

in these areas must be such that deairing is inhibited 
during a test resulting in low degrees of saturation around 
the piezometer tip and hence, the low permeability values. 
However, it should be recognized that only a limited 
number of tests were performed as part of this study and 

the results presented herein are not by any means conclusive. 
It can, however, be said that at Bethlehem dam where density 
conditions are fairly uniform due to the on-dam cycloning, 
the meausred permeability, values fall within a reasonable 
narrow range and that wide variations in measured perme- 
abilities at Brenda dam reflect the nonuniformity in the 
sand fill due to the irregular compaction being applied as 


part of the hydraulic cell method. 


4.6 In Situ Pore Pressure Measurements in the Slimes 
4.6.1 General 

For CL values (coefficient of consolidation) of 
slimes given in Figure 3.31 and the high ees at which 
slimes are likely to be deposited at some of the larger 
mines (for example Bethlehem and Brenda), analyses according 
to Gibson (1958) indicate that the slimes are likely to 


be underconsolidated with high excess pore pressures. This 


toi 


byvors moLisietae to essapeb wol as prisivest Saat s pativb 


puibxrooss es2yisans « (ebne ra Bag, moislraed siqnsxs 102) 2 




























aid to wetv ni oldstqeons Aibte eqedzeg tuted wot \etlw 
oi} 20 gets oiclt cw eat ta “torso Th benistde sowLsv 
andéas aki tt dsenseq So sovisy bemuesem edt ,ytopstso bikds 
ij «of suisy wol, visme’s Ixs ~- pse\en Cor x &€.£ es woL as 
ayutoutte [ioe silt ssd3 bozimgoe ef 31 .noiteayp ai basa” 


Hos ed bist at paixvisoh tedd douse od tgeum esots seed? alt 


ilidsenisq wol aid ,@pged bas git, tetemoxdig st 

iti s Vino Jens besinposes ed, Slvora 3I ,itsvewoH 

bas “buts aint to +16q@ 25 bemtoixeg stew etast to redmsc 
“TOD EaSamt Yus va Jon sxe pirewed batnege1q atigast sit 


tiensh aislw meh medsliiteh #6 tedt bise od ,x9vSwon ,neD 25 


msb-no. 6dt ot aub atoetiny yvirie?.c1s enolsibaeS 
eee s miigiw Lisi outa va) Lideomeaq: baxennece mae 
-enieq botuansaynit enolitsetasy siiw tang das spas wOX IAN 
64 ag (timiot tamaon. edz Snettex mph shierd te eetziiras 


bsilags pnisd noitzsqmon, i6iuesati eds of sub DEER Gaes 


bottom Llas oilusxbyf eda 36 318g 


— oom gy 


dj ni etnometeiM os gao1d 230% wake mt oo 

laxeusd 1.8.8 

to (noitsbilo aos 10 ttseiniagses) 2zoulsyv y? 10% i), eae 
2iiw Js soter tepid sit Sis Lf, stapit al cove some, 


» 


respzel sut to smoe +5 besteoush od of yieXtil exe: 


ot yigail, one vonile sft telt otnobbad (8202) ;moedta. og 
eit serueassq SYOq audoKy: Hy tal Hotw aeteatied es atshr 


168 


will be dealt with in more detail in the next chapter. A 
field testing program was undertaken to measure in situ 
pore pressures in the slimes. Pore pressure measurements 
were taken at Bethlehem and Brenda ponds. No such 
measurements were made at Craigmont mines as the pond 


was inaccessible for testing with the equipment available. 


In addition to the above measurements, remolded 
samples were obtained with a simple piston sampler to 
limited depths. Estimates of in situ density were made 
at selected test locations from recovered samples and also 
from measurements taken with the nuclear (depth-moisture) 


probe. All pertinent details follow. 


4.6.2 Equipment and Test Procedure 


AlI testing was carried out from a floating raft. 
A Geonor-type piezometer was used for the purpose. It 
consists of a 30 mm diameter cylinder of porous bronze 
connected to a central shaft by top and bottom end pieces. 
The bottom piece is conical in shape and the top is 
Eelreadca COelitestandard E-size adriliing rod. ‘Ihe porous 


elenent 1S connected to a4 inch plastic tubing. 


Initially, one end of the plastic tubing was 
connected to the piezometer and the other end pulled through 
a sufficient number of 5-foot sections of E-rod. The 


piezometer was held under water and the system deaired, 
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filled with water and the top end of the plastic tube 
attached to a pressure gauge mounted on a board placed on 
the raft. Extensions of E-rods were added as required and 
the piezometer pushed into the slimes to the desired depth. 
Pore pressure readings were recorded from the pressure 
gauge with time until a constant value was achieved. This 
usually required a period of several hours and quite 
frequently, the test was allowed to stabilize overnight. 
Pore pressure measurements were made by this method to 

a maximum depth of 80 feet below the surface of the 

Slimes. Figure 4.39 is a photograph of the raft and the set 


up for measurement of pore pressures used in this testing. 


4.6.3 Presentation of Results 

At Bethlehem tailings pond, pore pressure measure- 
ments were made at selected depths at a site located approx- 
imately in the middle of the pond. Results obtained are 


presented in Figure 4.40. 


Pore pressure measurements were made at Brenda 
tailings pond at three test locations approximately in 
the middle of the valley as shown in Figure 4.41. In situ 
density measurements were made at test location P-2 with 
the aid of the nuclear moisture probe. The results obtained 
are shown plotted in Figures 4.42 and 4.43. Samples were 
obtained from selected depths at all three test locations 


and water content determinations were made; the results were 
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essentially similar at equivalent depths for all test 
locations. In situ densities were computed from the above 
water contents; for ease of presentation, however, only 
results from test location P-2 are shown plotted in Figure 


4.42. 


4.6.4 Discussion of Results 

Measured pore pressures are shown plotted as 
a function of depth in Figures 4.40A, 4.42A and 4.43. 
Straight lines representing hydrostatic pore pressures are 


also shown in these figures. Wet densities ( ) as 


ve 
computed from readings taken with nuclear moisture probe 

and from water content determinations made on the recovered 
samples are presented in Figures 4.40B and 4.42B. 

Although there is an apparent scatter in the density 

results yet for the purpose of demonstrating the order of 
Magnituie of measured excess pore pressures, it appears 
reasonable to use average linear variations of wet density 
with depth as shown in these figures. Overburden pressures 
have been computed using the above linear variations of 
densities at the depths where pore pressures were measured. 
The results are plotted in Figures 4.40C and 4.42C. 
Hydrostatic pore pressures are also plotted in these figures 
against overburden pressures. It is interesting to note that 
unlike most cases in soil mechanics, hydrostatic pore 
pressures plotted against overburden pressures produce non- 


linear plots. This results from the fact that wet density 
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of slimes is not constant but varies with depth. 


For comparison purposes, a 45-degree line is 
shown in Figures 4.40C and 4.42C. It can be seen in 
Figure 4.40C that the results from Bethlehem tailings 
pond plot essentially luo the 45-degree line indicating 
that the slimes at this site have hardly undergone any 
consolidation to a depth of 80 feet where estimated total 


depth of slimes is 150 feet. 


similarly, results from test location P-2 at 
Brenda tailings pond indicate little or no consolidation 
to a depth of about 25 feet where Beene aa total depth 
of slimes is about 70 feet. The results indicate an increas- 
ing degree of consolidation with depth below the 25 foot 


tevel as shown in-Figure 4.42c. 


Resultsyate test locationsP—3 (Figure 4243A) at 
Brenda Mines indicate a similar pattern to that described 
above for P=2.) On) the other hand, at test location P-4 
which is situated closest to the crest of the dam (at a 
distance of about 950 feet), it was not possible to push 
a piezometer below the depth of 17 feet under the weight 
of three men and the values measured indicate excess pore 
pressures, of only slight magnitude (Figure 4.43B). A higher 
degree of consolidation is to be expected in the slimes 


near the dam at Brenda Mines for reasons discussed below. 
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It appears that the combined overflow from the 
cyclones (designated Brenda slimes in Figure 3.25) 
contains up to 30% sand sizes where samples recovered from 
the pond generally contain less than 5% sand (see for 
example results of sample from P-2 in Figure 3.25). This 
indicates that the large portion of sand and coarse BATE 
sizes must drop out on the beach. The length of the 
beach can vary according to the time of year. Furthermore, 
from time to time total tailings are discharged into the 
pond, introducing more coarse material in the beach area. 
On the basis of the above observations, it can be concluded 
that coarser material or at least layers of it are present 
in the beach area, which will tend to accelerate apanaoe 


and hence, the larger degree of consolidation. 
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TABLE 4.1 Summary of Preliminary In Situ 
Density Tests Performed at Brenda 
Damicinisl9 72 


SSS 
Dry Density - pcf 


Test Site Depth - ft- Nuclear Method Conventional 


Densometer 
SS ec ee a i ee ec AR a eta as I rea es eae arte 
A-1* 43 36,5 
555 8575. 
A-2* 4 89.5 
5 S570 
A-3* 44 S725 
5% 88.5 
B 2 83.5 B27 
6 83..0 
Cc eo 82.0 
6 84.0 
10 83.25 
15 $5.5 
D Z 3} 25 5) 83%.3 
5 88.0 
6 86.0 
9 84.0 
10 88.0 
13 89.0 
14 84.5 


* Sites A-1, A-2 and A-3 were located at distances cf 
about 5 feet from each other. 
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TABLE 4.2 Summary of Laboratory Density 
Results Before and After Driving 
of Access Tube 
After Deiving 
Initial by Tube by Nuclear 

Trial No. Parameter Measurements Probes 
I Yi per LEO..0 Elis 5 
*w - % ZR, ERS sO) 

‘ae perf 84.7 86.0 

ed Ts pct 95.8 9525 
Wacom s 11 <0 Li0 

ier Den 36.5 35n 5 

ioe? Vist per Mer eis) O 7g 3 
W f- £2 3. 1 L361 

ve pcr Cae 86.0 


* Water content was determined by measurements with the 
nucléar probes at-the end of the test. 
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Model Piezometer Studies 
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Model Piezometer Permeameter* 
Test No. Head K-cm/sec K-cm/sec 
Void Ratio x 107? x 10-3 
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mes i | 24" B57 eZ 
ane 2 29", 5.5 12 
94 3 2 4.0 11 
94 4 15" 53.0 Le 


* From Figure 3.10 
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TABLE 4.6 


Test No. 


1d War 
A-2 
A-3 


Summary of Permeability Results 
from Preliminary Field Tests 


Depth Below 
Ground Surface 
fe 


8 
8 
8 


K-cm/sec 


Dex 10n- 


4 


3.410 


4 


3.4x10_, 


4.7x10 


Remarks 


Test locations 
approximately 
Helo, aparece 


Test locations 
Sent apace 


A-1L and A=2 
approximately 
Si eeapact 


Water level at 
745 £t below 
ground surface 


* Test Sites A and B were located approximately 100 ft 
apart along and 30 ft upstream of the’ crest of the dam. 


** Site A was situated at a distance of 30 ft upstream of 
crest of dam and Site B 150 ft upstream of Site A. 
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Figure 4.1 Map of British Columbia 
Showing Mine Locations 


isgest of 





: 7) 
= rai 


A 
Na RECLAMATION 
DAM 
/ 
h 
\ 
U / S 


LOWER MAIN DAM 4 TOE DITCH 










Aas Sy IN 
[Gf AERO INGER J FILTER 
Kk, + \ucrmae weirs PANS S$" © BLANKET Sect 
ne OF SAND FILL 4 §/ “<FINGER DRAINS 


we, 


cH 
aes SAND CREST Qe 








eee ee a Ce eS ee ees ee ee 


UPPER MAIN DAM 
PLAN yl | 


ULTIMATE SAND CREST 





SECTION A-A 


Figure 4.2 Brenda Tailings Dam (After Klohn 
and Maartman, 1973) 
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Figure 4.3 Tailings Disposal Concept at 
Brenda Mines 





Figure 4.4 Brenda Tailings Dam June/1973 





fs 
in * 


} 





182 


*uUMOUS SUOTRZeASTS eTOYyM Adaedxe 
ejZeUTKXOrAdde oeze SUOTSUSUTP TTIW 


SOUuTTS 


eS ‘geune JO se 
"45 0°S89P “APTS BD TeAST puodg 


"weq oyuj FO pug Yyoeg worq Yooys 

Ooo T ATeqzeWtTxorzaddy 3e paezenqts 

SUOTREDOT 4SOT 7e Wed SHhuTTTteL 
weyeTuzeg FO uoTtTADeS TeoTdAY - 







HiLON 


pues sbuTtTteL 


UOTRIeDOT 
Zsa, TeotdAL 


= 


yp eanbty 


YOOY 3o3Sem 





“35 0087 


ee S| 


eB | 


-t2 0.2808 


p= EVOL \8 onut to es 


.vels 9 f[evad Baod 


asmil2 


SIEMIXOTGGS Sis esoiensmLrbh ILA 
f{wode enoLtevs srariw tascxs 


aTOs 


taoT LsoigyT - 
nolstsood 


bos2 epreiiiatT 


¢ to 6 ee ry f >» 
ri <>f IOL7D4SS, LSDE * War 
ot ~~ = a ~ 1 
BDC =o 6 MSU seni ita? 
SShMLxXOLoG 6 7 & at rs j ; - 
S : 58 dos cexsd ges 





#oo0R satesw 


<.% sTups q 





2 
i 
7 


42: 
~~, 


183 





Figure 4.6 Bethlehem Tailings 
Disposal Area 
Photograph taken from 
near the barge pumps at 
the back of the pond. 





Figure 4.7 Bethlehem Tailings Dam - 
South End 
(Photograph taken from a 
boat on the pond.) 





Figure 4.8 Bethlehem Tailings Dam - 
North End 
(Photograph taken from a 
boat on the pond.) 
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Figure 4.10 Brenda Tailings Dam - Hydraulic 
Cell Construction 
A - Cell ready for sand placement 
B - Cell during sand placement 





Figure 4.11 Craigmont Tailings Dam 
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A - Spigotting from along 
the timber forms 







2 shan ental 


aig dba 


B - Excess tailings dis- 
charged from over- 
head pipes. 

Note - back ponding 








C - Note cracking of slimes 
in back ponded areas 
during off season 


D - Close up of cracked 
slimes. 





Figure 4.12 Craigmont Tailings Dam - Method 
Simconstnuct1on 
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Verhcal Effective Stress, k/ft? 


Figure 4.13 


Vertical Effectwe Stress,k i? 


Figure 4.14 





(After USBR Earth Manual 1960) 
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Correlation between relative density and 
standard penetration resistance 
(After Gibbs and Holtz, 1957) 
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Comparisons of several correlations between 
relative density and standard penetration 
resistance (After Lacroix and Horn, 1973) 
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Figure 4.15 Nuclear Equipment during 
field use. 


See next page for Figure 4.16. 





Figure 4.17 Tamp and Auger Method of 
Installing Access Tubes 
A - Tamping 
B - Lowering auger inside the 
tube between tampings. 
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Figure 4.16 (cont'd) 
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Figure 4.18 Comparative Density 
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Figure 4.19 Tripod and drop hammer 
arrangement 





Figure 4.20 A density sample by drive 
cylinder method inside the 
protective casing. 
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Figure 4.26 Inflow and Shape Factors for 
Piezometers (Hvorslev, 1951) 
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Figure 4.27 Coordinate System 
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(After Palubarinona - Kochina, 1962) 
Figure 4.28 Seepage Flow From Point Source 


in Otherwise Dry Soil 
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Figure 4.33 Photograph of wetted zone 
around the model piezometer 





Figure 4.34 Photograph of constant head 
permeability apparatus 
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Figure 4.35 Photograph showing a 5 micron 
falter 
(before and after test) 





Figure 4.36 Photograph showing piezometer 
rods being pulled up to with- 
draw porous element from sleeve 
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Figure 4.37 Typical Head Versus 
Plot (Constant 
Discharge Test) 
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Figure 4.39 Set-up for measurement of pore pressures 
in slimes. 
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CHAPTER V 


SEEPAGE THROUGH TAILINGS DAMS 


Syl Incroauctcion 
The following two items of seepage through tailings 
dams are considered here: 
i) At the present time, the rate of seepage 
through a tailings dam is estimated from a 
flow net construction assuming a steady state 
seepage condition. 
tjeetivethe construction of a tailings “dam by 
downstream methods, an impervious seal is 
generally employed against the upstream face 
of the dam to minimize seepage flow through 
an embankment. Various techniques of employing 
this seal have been described in the literature 


as *dPscussed-4 Sect one2 Love AS loftChapten iT. 


The validity of the above methods has been 
questioned in a general sense in Chapter II; a detailed 


discussion on the subject is presented here. 


It should be noted with respect to item (i) above 
that some relatively low tailings dams are built at suffi- 


ciently low rates of construction for complete dissipation of 
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excess pore pressures. Seepage flow through these dams can 
be adequately represented by the conventional techniques 
applicable to steady state condition (Kealy and Busch, 1971) 
and is not an issue here. Where pond levels rise at rather 
rapid rates, however, slimes stored behind the dams remain 
in an under-consolidated condition with excess pore pressures. 
Seepage flow through tailings dams under these conditions is 
the subject discussed in this Chapter. Furthermore, to 
simplify the problem for presentation purposes, discussion 
will be limited to the tailings dams constructed by the 
downstream methods only, although some of the comments made 
here are equally applicable to dams constructed by other 


methods. 


9.2 Seepage Due to Consolidation of Slimes 


98:22:15" Overview 

After initial sedimentation of solids into a very 
loose soil, the slimes material is subjected to the long 
term process of consolidation. In the central portion of 
a tailings pond, the process is of only one-dimensional 
consolidation, i.e. due to drainage of pore water from the 
Slimes in the vertical direction only. Whereas in the 
material immediately upstream of the sand dam, consolidation 
is of two-dimensional type, i.e. due to pore water drainage 
vertically as well as horizontally through the sand dam. 
It is shown on the basis of the work of Gibson (1958)) that 


in the slimes immediately upstream of a dam, dissipation of 
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excess pore pressures due to vertical drainage is rather 
small as compared to that which occurs due to horizontal 
drainage. Therefore, for all intents and purposes, con- 
solidation in this zone is also essentially of one-dimensional 
nature but in this case due to horizontal drainage through 

the dam. It is hypothesized that seepage through a tailings 
dam is due to this horizontal drainage from the consolidation 


of slimes. 


59.2.2 Consolidation of Slimes in a Tailings Pond 

The results of in situ pore pressure measurements 
presented in the previous chapter indicate that the slimes 
contain high excess pore pressures beyond a certain distance 
from the sand dam. It has been also indicated previously 
that the progress of consolidation in the slimes can be 
assessed by analytical methods presented by Gibson (1958). 


A brief description of Gibson's presentation follows. 


Within the framework of the usual assumptions made 
in the theory of one-dimensional consolidation, Gibson 
(1958) presents an analytical solution for estimating progress 
of consolidation in a clay layer which is increasing in 
thickness with time. The problem as shown in Figure 5.1 
has been considered where h(t) and H(t) are specified 
functions of the elasped time t since deposition commenced, 
and the initial thickness h(o) of the layer is taken as zero. 


Numerical values of excess pore water pressure u have been 
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evaluated for the following two different rates of deposition: 
i) constant rate of deposition, i.e., h = mt 
ii) thickness of deposit proportional to t%, 


i.e,, h = At”, 


Gibson suggests that for any other rate of 
deposition, values of excess pore pressures can be computed 
by numerical integration of the governing equation. Results 
for the above two rates of deposition are presented in 


Figures 5.2 and 5.3; a brief discussion follows. 


For an impervious base, the results are shown 
plotted in Figure 5.2 in terms of u/ y'h versus x/h for 
various values of 4/2/C, and m/t/2/Cy; where y' = % - ¥, 
and u is excess pore pressure. Similar results are 
presented in Figure 5.3 for a case of pervious base but in 
terms of P,/ ¥-h versus x/h where P.is the total pore- 


Water pressure and H(t) is equal to h(t). 


A review of Figures 5.2A and 5.3A where rate of 
deposition is proportional to t% indicates that the 
distribution of excess pore pressure through the thickness 
of PhemaesoeLe is controlled only by the time independent 
parameter A/2K, ande.t £ollows, theretore,. thats the average 
degree of consolidation of the layer is independent of time. 
For the constant rate of deposition, however, the dis- 


tribution of excess pore pressures is controlled by the time 
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dependent parameter myt/27Ce and the average degree of 
consolidation of the layer decreases with time giving 


its lowest value at the end of deposition. 


It is of interest to note from Figure 5.2A and 
5.2B that at any given stage during deposition of slimes, 
equivalent values of parameters /2LC, and m¥t/2/C produce 
almost similar distributions of excess pore pressures where 
m represents an average rate of deposition to that point 
since deposition commenced. The same can be said about 
Figures 5.3A and 5.3B. Therefore, if A is equal to m/t as 
illustrated in Figure 5.4, the distribution of excess pore 
pressures can be reasonably assessed by assuming a constant 
rate of deposition for a deposit which in fact follows the 


e 


relationship h = At* or any other relationship between this 


and h = mt. 


The pond levels have been shown plotted against 
time in Figure 5.5 for Bethlehem and Brenda tailings ponds. 
The average rates of deposition have been estimated in the 
period for which records are available as shown in the 


above figure. 


The value of Cy for Bethlehem slimes at initial 


high !void ‘ratios is' estimated from Figure 3.31 to be about 
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the pond, the estimated depth of slimes is 150 feet as 
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shown in Figure 4.40. It follows, therefore, that at a 
constant rate of deposition of 20 ft/yr (Figure 5.5B) t is 
equal to 7.5 years and paramecer mvt/2VC., equal to a value 
of 4.7. It is obvious from Figure 5.2B that for this value 
of mJt/2/C, there is hardly any consolidation within the 
top 70 percent thickness of the deposit and very little 
below that. The results from field measurements as given 

in Figure 4.40 indicate no consolidation to the investigated 
depth of 80 feet which is equivalent to about 53 percent 


of the total thickness of slimes at the test location. 


The value of on for Brenda slimes. at initial high 


: eae Or 


void ratios can be estimated to be about 5 x 10 
170 Bee A from Figure 3.31. At test location P-2 in the 
pond, the estimated depth of slimes is 70 feet as shown in 
Figure 4.42. It follows, therefore, ahve at a constant 

tate of deposition of 30 ,ft/yr (Figure.5.5A) .t is equal to 
2.3 years and parameter mft/2/C, equal” to~a-value of about 
1.8. For this value of parameter m/t/24C from Figure 5: 2B, 
there is no consolidation within about the top 35 to 40 
percent thickness of the deposit, and there is an increasing 
degree of consolidation below this level. The results from 
field measurements (Figure 4.42) indicate no consolidation 

to a depth of about 30 feet which is equivalent to 43 percent 


of the estimated thickness of slimes at the test location. 


On the basis of the above discussions, it is 
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concluded that in the later stages of disposal of tailings, 
slimes in the central portions of the pond exist in an 


under-consolidated state with high excess pore pressures. 


5.2.3 Consolidation of Slimes Near the Sand-Slime Interface 
52.5. Laeceneral 

It has been indicated previously, that slimes in 
the central portions of a pond are subjected to one- 
dimensional consolidation with drainage in vertical direStion 
only. Near the sand-slime interface, however, the 
materials are subjected to two-dimensional consolidation 
with drainage occurring both in horizontal and vertical 
directions. But dissipation of excess pore pressures in 
slimes at the interface can be treated as a case of one- 
dimensional consolidation due to horizontal drainage of 


pore water through the sand-slime interface. 


5.2.3.2. The Governing Differential Equation 


The following assumptions are made in this 
formulation in addition to those usually adopted in the 


theory of one-dimensional consolidation: 


ie the slimes pond is Sémi-infinite in horizontal 
extent iste. V0. x <= (see Figure 5.6), 
i )eetiiarerisc no vertical drainage; all drainage 


teern the horizontaledirection through the 
sand-slime interface at x = 0, 


lupe the current thickness of h(t) 1s a specified 
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function of time;t since deposition commenced, 
and the initial thickness of the layer h(o) 


is equal to zero. 


For a thin horizontal layer at a distance y from 


the base, 
oy = (h-y) Ve. 
or a0 ays 
Se Berd he Seen Seek) 





2 
Ew ate hy ay Seo eon) 
3x7 Ky ot 


where P|, = pore water pressure, and 


3] 
I 


unit strain in y-direction. 


But Equation (5.2) can be rewritten as 





eee 


where e is void ratio and a function of o', 
so that 


e = e(o') 
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Equation 5.5 is the governing differential equation An 
terms of Pi, (the total pore water pressure), It is of 
advantage to rewrite Equation 5.5 in terms of excess pore 


pressure u where 
USP (h—v) (tale, te ee ed ee (55 6) 


From Equations 5.5 and 5.6, the governing equation can be 


written as 


a ELS 3 ere » dh 
Vo 22 Pt Ye ~ Yw! dt 
Ox 
or 
Pee ede ahs ek (5.7) 
Mw Ofatneseil tliede 
ox 
where y' = ee wear 
Pais We [ee pS ee ee: (58) 
u (0,t) = = ¥ (h-y) - ene (5.9) 


5.2.3.3 Solution for a Constant Rate of Deposition 


For a constant rate of deposition m, Equations 


9e/. to 5.9 can be rewritten as: 
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To determine distribution of excess pore pressures 
in the thin layer dy at a height of y from the base, requires 
a solution of Equation (5.10) consistent, with initial and 


boundary conditions (5.11) and (5.12). 


For a semi-infinite solid, Carslaw and Jaeger 


(1959) give 


ae o> eet ph, ere eee (Si3)) 
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v= 4kt oesere 


as a solution of the differential equation of heat conduction, 
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By substituting oe for K and (-y,mt) tor Keen 
Bouatione(o,l3)erto (5.16), we can write a solution to 
Equation (5.18) consistent with initial and boundary 


conditions in (5.19) and (5.20) as: 





v = 4 (- y,mt) Were ee (S720 
2NC4t 
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But from Equation (5.17), 


v =u -y'mt 


Hence, Equation (5.21) can be rewritten as: 
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which is a solution to our governing differential equation 
(5.10) consistent with the initial and boundary conditions 
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ie eee Rate of seepage 


5.2.4.1 General Formulation 
The rate of seepage qy from element dy (Figure 5.6) 


at the sand-slime interface can be determined from 








$e i du 
qy Ses () eee Glee) ere ee (5.23) 
x=0 
But from Equation (5.22), 
= ~4y,mt lie ierfo — "= ) 1 
21 ORE 2 
Vv Vv 
y,mt 
aa = = e [rierte 2] 
i somite 2/CE 
Vv Vv 
Hence at x = 0, 
fy a ees ee ee (5.24) 
ox Sect 


But from the tabulated values in Carslaw and 


Jaeger (1959), 
PLErCom (jee 1 128. 


Therefore Equation (5.24) reduces to 
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Hence from Equations (5.23) and (5.25) 


y,_mt 
qd, = K ————_ (1.128) dy 
Vy Wye 
or 
Ye. fm 5 
q. = 1.128(K) (—) vn (CRA ANe eh) ee CAS (5.26) 
Y Vw e 
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By integrating Equation (5.26), the total discharge Q per 


lineal foot of dam can be computed from 
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Equation 5.27 can be rewritten in terms of dimensionless 


parameters Q_ and mh as: 


Kh C 
V 


y 
= .75 
Vw 


Slo 
cai 
at. 
a 

Nh 

= 


5.2.4.2 Numerical Examples 


To demonstrate the use of the seepage equation 
(5.28), two numerical examples are considered. In the 


first example, the rate of seepage through a typical tailings 
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dam computed by Equation (5.28) is compared with that obtained 
by conventional steady state seepage analysis. In the 

second example, the seepage through Bethlehem tailings dam 

is computed from Equation(5.28) and compared with that 


measured in the field. 


Example I 

For the first example, a large tailings dam 
presently under construction in British Columbia has been 
selected. The dam is being constructed by the centreline 
technique using cycloned sand. A schematic section of the 
dam showing an approximate flow net for the ultimate dam 


has been presented by Klohn (1972A) and is reproduced here 


in Figure Sin 


It should be pointed out that physical dimensions 
have been added to the dam by the writer and were not 
included in the original sketch by the above author. The 
following typical values have been selected on the basis 


of the work previously reported in this thesis: 


m= 20 ft/yr, 
. x 3 *, mr Ze 
C (slimes) = 5 x 10 cme /Seet=oy 09 FEY yr, 
K (slimes) Sry Het 5x 16 cm/sec = 1.0 x 10> Pe / Tin , 
y, (slimes) =—95 pcr, 
abG secon ee, LOULe lar) 


Tie sree U0 mG. 
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The rate of seepage per lineal foot of dam at the section 


shown in Figure 5.7 is computed from Equation (5.28) as: 


. 
Q = Kh (.75) (4) /m 
Y 
WwW V 
cn Ou=dlg] fxolo B4rcusste/minZsfe: 


The rate of discharge Q, however, is usually computed from 


the flow net construction as follows: 


number of flow channels 


= 
i 
@ 
a) 
@ 
5 
Fh 
i] 


number of equipotential drops 


From Figure (5.7) 


Np = 5 andj} 
5 - -3 
Hence, Q= 7 x 200 x 10 = 1.4 x 10 Cut ey miny fe: 


It is noteworthy that the rate of discharge computed 
from Equation (5728)"*is ‘higher ‘by almost one order of 
magnitude than that obtained by the conventional flow net 


technique. 
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Example Il 

Bethlehem tailings dam has been selected for the 
second example. The description of the dam has been in- 
cluded previously in Chapter IV. As of July, 1973, the 
maximum depth of slimes against the dam in the centre of 
the valley was about 180 ft. Therefore, the depth of slimes 
is taken ranging from zero near the ends of the dam to a 
maximum of 180 feet in the centre. The following typical 
values are selected for use in this analysis on the basis 
of data presented previously in this thesis: 

Ma=;20+£t/yxz, 

y, (slimes) = 95 pct; 


5) 


0m ght ee = 34 Boe 


6 


C_ (slimes) 
Vv 
K(slimes) «=.2exl0.. cm/seca=14.-x 107° £t/min. 

As the depth of slimes varies along the length of the dam, 
the rate of discharge Q is computed at typical sections with 
varying depth of slimes from Equation (5.28) and an average 


value determined as follows: 


Q@h = 45 ft = 264 K 

O @abe= 90 fia=./50.K 

On@he=,135 abe 1330 K, 
and OeGahe=l80 ft = 2110 kK. 


From these figures, the average rate of discharge is estimated 


to be 
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and for an estimated length of dam of 4000 feet, the total 
discharge is 


Beater A000 10 1 are min 
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H 
| 


k 18 cu ft/min = 135 usgpm. 

For comparison, the seepage flow through the 
above dam from steady state analysis is only 8.5 usgpm. 
According to the discussions held with the mill staff 
(Walmsley, 1973) seepage collected downstream of the dam 
AssOtevuly, L9/o was about .200- usqom. Of this, about,100 
usgpm was estimated to be seepage through the dam and the 


remainder from the ground water discharge in the area. 


5.2.5 Comments on the theory and Results 


Tt has been shown that the seepage flow computed 


by the new method presented in this chapter is. considerably 


larger than that estimated by the conventional analysis 
but quite comparable to that measured at a typical high 
tailings dam. In view of the simplifying assumptions made 


in this proposed model, however, the implied agreement 


between the measured and computed values of Seepage flow in 


Example II might be somewhat fortuitous. 


Of the many assumptions made in the formulation, 
those of constant Cy and constant K are particularly note- 
worthy from the point of view of input parameters in the 


final analysis. Both of these parameters are functions of 
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void ratio as shown in Figures 3.28 and 3.31, and will vary 
with change in qoiiwasiate as consolidation progresses. It 
would be a simple matter to express K at the sand-slime 
interface as a function of depth in the integration of 
Equation (5.26) to obtain the final Equation (5.28). 

The formulation of the governing equation can be made more 
precise by adopting a pore car theory such as that 
presented by Barden and Berry (1965) and solutions can be 
obtained by numerical integration using Syreuiys difference 


techniques. 


It is felt that the formulation based on the above 
non-linear theory, is likely to be rather unwieldly and 
beyond the needs of current practice. The simple formula- 
tion presented here can be used to estimate possible maximum 
flow through a tailings dam during construction by taking 
conservatively averaged values for Cc. and K. Subsequent to 
completion of tailings disposal, the flow through a dam will 
decrease with time as the consolidation of slimes progresses, 
ultimately reaching a constant low value that can be 


estimated by the conventional analyses. 
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In the previous section, at the sand-slime interface 
the water level was assumed to be at the surface of the 


slimes. A situation may arise, particularly during a period 


x 

ae | | es 
Yaev Hie bas, ,fE.€ brs 8s. ra 

$I .asaroipeng aoltshiLoanos 7 one Elis be se 

omile-brse sont 16 2 eeetque os xesdea ofant aa Luow 

20 noitsxpatai els ait mMqeb 20 ethene’ sen cont presad 


1. 


(88.2) noktsups Isnt silt mbs¥do oF (aS. 2) notte spa i 


a 
som shel edi 169 kara painzevoe ort 20 nokseLumzo® * edt 


i hae ey airs i ; 

tsiit as flow wiaerd seni l-now B ‘prisgobs yde er a 

O27 ne A - 

ed nso anoi3ufoe bre (29@L) ysrsd Bas mebued yd bodmeessa 
oi unt a 

sonstettih obbakt pitev ‘oitexpesat iso tyomun vd benistdo ro 


soupintond iy 
' P ae pes ; 
avods ond co botsd aottsiuervot? ott Sedt tiet. eL SI ca. 7 





ee a» : 
a 


ee Sr 






ak 

































bas yibleiwau rsd3es 9d oF ieee ait ,yroodt perenne 
~siumroit sigmie oAT 95 {Soe dasriwo to absen sft bowed 


MULL LSM eldtezeg stenises oF boat sd meso exed nesteeee ea 

Rue a On | 
palates ya noidourtenon pinta ms aakgtad Ps dpuordd 7 

oe | seus’ 

oF taeupsedue. .x brs yo 108 aouley eve ylovisevae 10D 


7 
¥ 
. wigs 


. vet 
iitw mb s dpuordt wolt oF siegogeth gpaiited to noisele 





wa 


7 1166° 
<Reeuerporg ashite 5 fol 48bi toate ony es emis daw exes 
‘is wdG Ie 
oed oso. ted¢ optev wos Jay ons 5 oad oes xis 8 fel 
> #3 @ sivas 
eer ripe. {stots nevnes ecit Ry cee Z Jeo 


ot 


ms bas edt teatsps 1935W 9817-0 


¥ 
* 


(235 


of high spring run-off, when a shallow depth of free water 
May pond directly against the sand face. This will result 
in an increased seepage flow through the dam. The problem 
has been investigated in this study; the details are 


presented below. 


Bete Analytical Approach 


It has been indicated previously in this chapter 
that the conventional analyses for steady state seepage 
conditions are not applicable in estimating seepage flow 
through a high tailings dam. Steady state seepage analyses 
can, however, be used for estimating additional flow through 
a dam due to a depth of free water against the sand dam as 


follows. 


The conventional analyses are used to determine the 
discharge rates through a tailings dam with and without a 
depth of free water. The difference between the two discharge 
rates can be considered to represent the additional flow 
due to the depth of free water. This quantity can then be 
added to the quantity of flow computed by the new method 
described. in thiswchapter to arrive at an estimate of 
total flow through the dam for a depth of free water against 


the sand dam. 


5.3.3 Analyses and Results 


In this study, a typical high tailings dam has 
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been selected as shown in Figure 5.8. The analyses have 
been carried out using the finite element program previously 


déseribed in Chapter IV (Section 4.5.3.4). 


For a water level at the surface of the slimes 


against the sand-slime interface (Figure 5.8A) seepage flow 


3 


through the dam is computed to be 1.5 x 10 ~ cu ft/min/ft. 


It is interesting to note that this figure shows an excellent 


agreement with that estimated by the flow net construction 
for a tailings dam with an equivalent height of seepage face 
Pieicectlon see res. 2e (Figure 5,7). [£t Shows, theretore, that 
due to the impeded drainage through the slimes, the quantity 
of seepage flow is not affected significantly whether the 
water level is at the sand-slime interface or at a short 


distance away. 


For the case of a os Stel depth of water above the 
slimes at the sand-slime interface (Figure 5.8B) the seepage 
flow through the dam is estimated to be 1.4 x 1072 
cu ft/min/ft; larger by almost two orders of magnitude than 
that computed for the previous case of no free water above 
the slimes. The seepage flow through the slimes at the 
sand-slime interface, however, is 1.6 x ioe Cu fE/ Minny ic 
(see Figure 5.8B); only slightly larger than that from the 
previous case. It can therefore be said that almost all 


the additional flow occurs through the face of the dam above 


the slimes’ where water is in direct contact with the sand. 
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In view of the above it appears that the seepage 
flow through the sand-water interface can also be computed 
on the basis of the work presented by Harr C1962) Wr hits 
chapter on "Seepage from Canals and Ditches". Of particular 
interest here is his treatment of seepage from triangular- 
Shaped ditches based on the Russian work of Vedernikov (1934) 
as shown in Figure 5.9. The rate of seepage from the ditch 
can be computed from 

earn bet Al) ae ew OO Cee (29) 

where values of B, A and H are as defined in 
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Additional flow qs through a tailings embankment 
due to a depth H ft of free water against the sand can be 
computed by dividing Equation (5.29) by 2 as follows: 


- Bek 
q, = 4 => (B + An) 


a 


The values of parameters B, A and H for the problem 


shown in Figure (5.8) and from Figure (5.9) are 


rt OF fe 
AMS Ff 

- Oo 
eR PE PORES OYPE SE n= s5) = 26.5°. 


Hence, 


q, = 1.45 x 10°~ cu ft/min/ft 


which shows a remarkable agreement with 1.4 x foes 


cu ft/min/ft computed by the finite element analysis. 
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5.4 Phreatic Surface Within Sand Dam 

It has been indicated previously in Chapter II 
(Section 2.4.3.5) that an impervious seal against the up- 
stream face of the dam is considered an essential part lof 
the design for the following two possible reasons: 

I )pette iminimi ze the seepage flow through a dam for 
reasons of water supply and possible pollution 
of downstream ground water system; and 

ii) to minimize the seepage flow to maintain a 
low phreatic surface within the sand dam 


for stability considerations. 


So far in this chapter, the methods have been 
discussed for computation of seepage flow through a tailings 
dam; the subject of phreatic surface in the sand dam is 


discussed below. 


In a typical tailings embankment, the phreatic 
surface can be located for all practical purposes according 
to the "Dupuit Theory of Unconfined Flow". This theory is 
applicable to the class of problems where the slope of the 
phreatic surface is relatively flat and is based on the 
following assumptions (Dupuit, 1863) : 

1) for small inclinations of phreatic surface, 

the streamlines can be taken as horizontal, and 
1i) the hydraulic gradient is equal to the slope 
of the phreatic surface and is invariant with 


depth. 
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Although the nature of these assumptions appears 
paradoxical, in many grouncl ee problems, solutions based 
on the Dupuit assumptions compare favourably with those 
obtained by more rigorous methods. Moreover, Charny (1956) 
has shown that the discharge eqrentulliay is correctly predicted 


by this formulation. 


Within the framework of the Dupuit assumptions, 
for a two-dimensional flow on a horizontal impervious 
boundary (Figure 5.10), Harr (1962) derives the following 


two equations: 


- f Sep dR TR Py Ge Na ere (eo) 
Re alia 2) alo), 
oe 2 
= Se ee Oe aa (5.32) 
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EQWation 5.31 describes the location of the phreatic 


surface and Equation 5.32 gives the discharge rate. 


Numerical analyses carried out by the writer using 
finite element techniques indicate that Equation 5.31 can 
also be reliably used to determine the location of the 


phreatic surface in the above problem provided 


eee). ee eer (5.33) 
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In the case of a typical tailings dam for which 
the rate of seepage q has been determined by methods pre- 
viously discussed in this chapter, the upstream height hy 
can be determined as follows. 


From Equation 5.32, 


oe ae eC 
hy ho mitse, as discussed in detail. by ta. 05.34) 
Generally speaking ho is likely to be much smaller 
than hy and can be safely assumed to be zero. Therefore, 


Equation 5.34 reduces to 


_ [2qt 
h, = ae Bo 0 (5.35) 


Now for example, in the case of the tailings dam 
shown in Figure 5.7, gq has been estimated in Section 5.2.4.2 
asian x 1.0614 cu ft/min. The other quantities in the right 
hand side of Equation 5.35 for this dam as shown in Figure 
Sei are 


60 TEC 


a 
i 


2 


K = @lk, Osa kOsth 16t)/mirs:. 


Hence, 


hy =3.4/ 800d) 28retits. 


The phreatic surface downstream of the starter dam 
can then be estimated from Equation 5.31. The phreatic 


surface along the starter dam has been found by finite 
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element analyses to be essentially parallel to the slope. It 
is of interest to note that the depth of water along the 


starter dam in the above example is only about 2 ft. 


In this section, only the flow on a horizontal 
impervious base has been treated according to Dupuit theory. 
This theory can, however, be equally adapted to the flow on 
a sloping impervious base as discussed in detail by Harr 


el 9.6.2.) 


see Impervious Seal 


It has been indicated previously that in the 
construction of a tailings embankment by downstream 
methods, an impervious seal is employed against the upstream 


Slope to minimize seepage flow through the dam. 


For the consideration of an impervious seal, the 
problem of flow through a tailings dam can be subdivided 
into three categories: 

i) when slime-water slurry is ponded directly 
against the sand as typified by the situation 
at the Bethlehem tailings dam, 

1i) when a shallow depth of water (less than 5 feet) 
is ponded against the sand above the slimes for 
a short duration such as during periods of high 
spring run-off, and 


iii) when a significant depth of water (15 or 


239 






ce pe ‘ers 
tat ioe 

















: , fy - 
31 végote Seen OE ey ah a : 
et ne 


| ott paola xetew to dsqeb eit aM ad oxesnk 2018 
at 2 saat ctteed et pat > sd 
| | enn de ined a 
tadagatsod 1 se wor ent yitto ,Hoitoes sift mI 0° 1h 2 
.yzoorst Jiugud ot pribiooos betsett need ésd cand evoitvrsqmt ) 
no wolt edd ot batgqsbs yiisupe ed ,aevewot nso yroodt eidt 
tral yd fede mt hesenoekb be Sasd ‘evolvreqmt paigole 5 | 
| | .(saen) 
wat mya 


ert mi tat ylevotiveig botsoibant ased esi 45 G2 oie 





mBeitehwob yd +rromtaeidins deities s to nolsourseaoD 
Meextequ eft taniaps beyolqms wt isse nao xoqet ‘m6 ebodtom 
sb edt mpuotdd wort epsqsee .osimiakm od dgole 


u vr 


efit ,isse avo paula as %0 istdedtabhence osit ‘t0% nd Pe 
bobivibdse ed asd meh epab lee s dateots wolt 20 msidexzq 
reoinoysss>: seus jodak 

yisosatb wane at yr Le! xsdew-omile rcoriw ae: ean a: | 
iets eft yd boitiays as base eid tanisys ee : x - 
\msb epailisd morletdseg eds ts ae eis Pyke 

(39e2 @ asd? eeel) 19d6w 2 dtgeb voLisde Ss cerlw ace . 
101 eemitez ert evods base ‘ait Jeaisps ‘bebtog et x”, 
“dpid to sbotxeq priawb as dove mokisib dxode se a 
to 21) 19dsw Xo di¢qeb- 





— 


240 


20 feet) is likely to be ponded against the 
sand continuously as in the case of a dam 
where slimes are discharged at a point remote 
from the dam as described by Hoare and Hill 


(297.0) 


It should be recognized at this point that the 
need for an impervious seal at a given tailings dam should 
be assessed in light of particular details of the project 
as the requirements may vary with the nature of the materials 
being used. The comments included below serve to present 
typical situations and apply only to the numerical examples 


discussed previously in this chapter. 


In the class of problems covered in item (i) above, 
BPieeracesOt dtscharge through a typically high. tailings dam 
is about 135 usgpm as discussed in Section 5.2.4.2. For 
this order of flow, the phreatic surface is maintained near 
the base of the dam as shown in Figure 5.11. Most tailings 
disposal systems today are designed to include a catchment 
area downstream of the dam where seepage water is collected 
and pumped back into the system. It appears, therefore, 
that a seepage flow of 135 usgpm is not likely to pose any 
problem. In view of these considerations it can perhaps be 
said that the cost of an impervious seal is not justified 


in the class of problems described above. 
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Theoretical analyses presented in Section 5.3 
indicate that additional flow through the dam due to a 5- 
foot depth of water against the sand above the slimes is 


ee eae 


cu ft/min/ft... For a typical length of 4000 ft 

of dam, this will result in an additional flow of 560 

eu £t/min jorpabout) 4; 200 usgpm. This is a substantial 
increase over the discharge rate of 135 usgpm discussed 

in the previous paragraph. Therefore, it appears on the 
basis of the above analyses that an impervious seal, in 

this case, may be warranted. It is felt, however, that there 
is likely to be sufficient amounts of fines suspended in 

the water against the dam, particularly if the water level 
rises gradually and the slimes are being discharged from 
along the dam. Under these circumstances, the fines will 
sediment to the bottom and form an impervious seal. The 
actual design might depend upon the experience gained through 


on-going observations on the project. 


For the class of problems covered in item (iii) 
above, the \discharge rate for a, depth of 15 féeéet\of water, 
for example, will amount to 12,500 usgpm. With no suspended 
fines in the water due to the remeare discharge of slimes, it 


is felt that an impervious seal is imperative in this design. 
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u/y'h Versus x /h (Impervious Base) 
(After Gibson, 1958) 
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Figure 5.3 Pw/¥-h Versus x/h (Pervious Base) 
(After Gibson, 1958) 
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Figure 5.5 Pond Level Versus Time 
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Figure 5.6 Consolidation of Slimes @ Sand-Slime 
Interface 
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q(from flow net) = 1.4x10 ~cu ft/min/ft 
q(from eq(5.28)) = 1.1 x 107% cu f£t/min/ft 


Figure =5. / Approximate Flow Net for a Typical 
Tailings Dam (After Klohn, 1972A) 
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Figure 5.9 Seepage From Triangular Shaped 
Ditches (After Verdernikov, 1934) 
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CHAPTER VI 


EARTHQUAKE EFFECTS ON THE 


STABILITY OF TAILINGS DAMS 


6.1 Overview 
It has been indicated previously that in seismic 
areas, the tailings dams must also be designed to withstand 
shock loading due to earthquake tremors in addition to the 
usual stability considerations under static loading 
conditions. It appears that with regard to earthquake 
effects on the stability of tailings dams, consideration 
must be given to the following factors: 
i) possibility of failure by liquefaction; 
ii) earthquake induced shear displacements in 
slopes of dry cohesionless soils; and 
iii) earthquake induced settlements in a deposit 
Of *dry sand or inwwet sand after pore 


pressures are dissipated. 


Failure ‘by liquefaction is of interest in the 
design of tailings dams since the fine to medium grained 
tailings sands are particularly susceptible to liquefaction 
when subjected to earthquake shaking. When the tailings 
dams are constructed primarily of these materials, the 


consequences of failure by liquefaction can be very severe 
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(Dobry and Alvarez, 1967). 


ASrewiewrot her caseshrsetorves; where diguefaction 
has occurred indicates that liquefaction occurs only when 
materials are relatively loose and saturated or at least 
nearly saturated. Drainage and densification, therefore, 
would seem to be the logical protections against liquefaction. 
Densification of soil has been recognized as a protective 
measure against liquefaction since Casagrande (1936) first 
introduced the concept of critical void ratio. Accordingly, 

a series of empirical guides have been employed by various 


engineers and will be discussed here. 


As an alternative to densification, it would 
appear that the drainage of soil might be used effectively 
to preclude ieee ione The construction of a tailings 
dam can be adapted to the use of this technique. Ina 
tailings dam, by judicious selection of materials and 
installation of adequate underdrains, the phreatic surface 
can be maintained well away from the outside slope and near 
the. base of the dam. Under these circumstances, large 
portions of the sand dam are partly saturated and as such 


are not likely to be susceptible to liquefaction. 


The slope would, however, be subjected to the 
possible shearing distortions caused by the earthquake 


induced ground accelerations. 
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If the sand is in a relatively loose condition in 
the above case of a tailings dam, the material would also 
be subjected to settlements induced by the vibratory loading 


of an earthquake. 


In addition to the above considerations, liquefac- 
tion of slimes is another aspect of the subject in question. 
In current practice, it is generally assumed that the slimes 
in a tailings pond liquefy during a seismic shock; the 
embankment is designed accordingly to withstand increased 
hydrostatic pressure against the upstream slope. Whether 
the slimes actually liquefy or remain in a slurry form as 
discussed in the previous chapter is oe Ti2Pé practical 
Significance in this case since, in either event, the design 
would include full hydrostatic pressure of liquid slimes 
against the upstream face of the embankment. Liquefaction 
of slimes, therefore, is no longer an issue for further 


discussion in this chapter. 


6.2 Criteria to Preclude Liquefaction of Sands 
Gees Densiticatron 

TO. precinae iiquetaction or sand, it 1S Generally 
considered sufficient to increase its density above a certain 
threshold value. A series of empirical guides have been 
established as summarized in Table 6.1. On the basis of 
the experimental work of Castro (1969) and many years of 


experience, Casagrande (A.) considers that ordinary sands 
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with a relative density of more than 50% would be safe against 
liquefaction (Green and Ferguson, 1970). In view of the 
analytical, laboratory and field data, Seed and Idriss (1971) 
present their findings on the subject in terms of ranges of 
values for relative densities dependent upon the maximum 
anticipated ground accelerations. Their results for the 

sites consisting of sand with a water table about 5 feet 


below the ground surface are summarized in Table 6.2. 


With regard to the criteria cited above for 
elimination of liquefaction, the following points are note- 
worthy: 

i) Some of the criteria, for example that which 
is attributed to Casagrande, refer to failures 
by liquefaction associated with large scale 
shear displacement such as flow failures in 
the cases of embankment instability. The 
criteria presented by Seed and Idriss, on the 
other hand, refer to the onset of liquefaction 
in the case of level ground where shear 
displacements would be virtually nonexistent; 
and therefore might tend to overestimate the 
densities required to avoid liquefaction if 
applied to the case of embankment instability. 
See Youd (1973) for further clarification of the 


definitions for various classes of liquefaction. 
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The above criteria except those of Seed and 
Tortsce (lo7 Ll), and De Appolonia (1970) are all 
inclusive in terms of earthquake intensities. 
For example, if Casagrande's criterion of 503% 
relative density is valid to avoid liquefaction 
under a severe earthquake it would appear to 
be Bonen yarive for sites which are likely to 
be subjected to only moderate intensity of 
ground shaking. 
The values of relative densities cited above 
in Tables 6.1 and 6.2 cannot be compared 
quantitatively, since it is more than likely 
that these investigators had used different 
test procedures to determine the limiting 
densities. Therefore it.is entirely possible 
that there might be inherent differences in 
their computed srsulesysties densities for a given 
test density. For example, Castro determined 
his maximum, density by 

",..Hammering forcefully the sides of the 

mold and also over a plate on top of every 

one of three layers." 
While Seed and Idriss follow the same procedure 
as that followed by Lee and Seed (1967), which 
is 


"..-By vibrating saturated sand in a mold 
until it reached constant volume." 


Neither method is according to the ASTM procedure 


for determining maximum density (ASTM D-2049-69) 
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although the Seed and Idriss technique could 
be construed as being the closest. Minimum 
density determinations, by both of these 
investigators have been essentially according 
to the ASTM procedure. 
7) elo applying these criteria to a practical 
_ problem, it should be remembered that lique- 
faction could occur in a buried loose layer 
and in turn cause neer aay ee in the overlying 
dense materials (Ambraseys and Sarma, 1969). 
In the case of tailings dams to be constructed 
in seismic areas, therefore, inclusions of 
loose materials of any extent should be avoided 


atceaLi costs. 


In view of the criteria noted above and the 
pertinent data for reported cases of liquefaction and non- 
Prqueract tone (seedvand Idriss, 1971),"1it appears that 50 
to 60% relative density should be sufficient to preclude 
liquefaction in the case of the angular tailings sands 
where design accelerations are not likely to exceed 0.1g. 

In areas of high seismicity (acceleration greater than 0.1lg), 
however, higher densities may be required; each case must 


be assessed on its own merits. 
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6.2.2 Confining Pressure 
It has been demonstrated that the higher the 


confining pressure, the greater the number of cycles of shear 
stress of a given magnitude for inducement of liquefaction 
(Seed and Lee, 1966). This trend is also valid for density. 
Accordingly, it appears that there are two basic approaches 
in developing criteria to preclude liquefaction: 

i) to increase density, and 


ii) to increase confining pressure. 


For most cases, increasing soil density is more 
practical. Nevertheless D'Appolonia (1970) indicates that 
there are a number of cases where surcharging the surface 
and increasing the contact bearing pressure beneath the 
foundations will increase the confining pressure sufficiently 
to prevent liquefaction. Burke (1973B) indicates that 
such a technique has been used to reduce liquefaction 


potential in the case of nuclear power plants. 


On the other hand, Seed and Peacock (1971) 
summarize the work of many investigators to indicate that 
for a particular sand at a known relative density, the lique- 
faction potential in a given number of cycles of shear 
stress is a function of stress ratio (t/o.) independent of 
the confining pressure where 

t = applied dynamic shear stress, 


and Space initial confining pressure. 
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Consider, for example, an element of soil at a 
depth of h ft below the ground surface. If the water 
table is assumed at the ground surface, the effective 
overburden stress is y'h. Therefore the average initial 


stress is 


a 


where y' -=5 are Ae 


and Ky = coefficient of earth pressure at rest. 


Pils generally accepted that the shear stresses 
developed at any point in a soil deposit during an earth- 
quake are due primarily to the upward propagation of shear 
waves in the deposit. Therefore the shear stress due to a 


ground acceleration a can be computed by 


eS SAR Ey4op ee Oe, ere (652) 
where g = acceleration of gravity. 


Hence the stress ratio from Equations 6.1 and 6.2 is 


o 


0 


ey) 
O 


Now if a uniformly distributed surcharge load P is applied 
at the surface of the deposit, the effective overburden 
stress at the point in question will be y'h + P after excess 


pore pressures have dissipated. The average initial 


2orT. 
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confining stress will be 


Lat 2K, 

ia (y'h + PP) §¢ 5 ) nee a6. 4) 
and shear stress 

(i Weleth CerTp)pia/g (measured water -contenis, al ops))) 
Therefore *thetstress ratio wilPeagain be 

Tien at 2 3 

ie sar Si SEY Wee. (6,6 ) 

a O 


Since the stress ratio does not change on the 
application of surcharge load, it appears from the work of 
eecd and Peacock (1971), that the Liquefaction potential 


at the point in question does not change. 


Any further discussion on the subject is beyond 
EneesScCOpe On this thesis; 1t 1s-felt, however, that in 
view of the above conflicting evidence, the issue of 
increasing confining pressure to reduce liquefaction 
potential has not been resolved to the point where it can 


be reliably used in design. 


6.3 Earthquake Effects on Dry Sand Slopes 


Oagesl. General 
Since unsaturated sands do not liquefy, it has 
been indicated that drainage of water from the hydraulically 


placed tailings sands can be used to eliminate liquefaction. 
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If the sand is of a relatively high permeability and the 
Seepage through the dam is kept to a minimum, the phreatic 
surface can be maintained near the base of the dam as 
discussed in the previous chapter. The large percentage of 
sand in the embankment is therefore unsaturated and at 
relatively low water contents (measured water contents at 
the Bethlehem and Brenda dams generally ranged from about 

5 to 15% except where perched water tables were encountered) . 
The slopes comprised of unsaturated sands, however, will be 
subjected to earthquake induced deformations which are 


discussed here. 


It should be noted that the zones of saturation 
in a dam, however, may be subject to liquefaction and 
should be treated accordingly as discussed previously in 


ehasechapter,. 


Grea are Stability of Dry Sand Slopes 


6.3.2.1 Review of Previous Studies 

Strictly speaking we are interested in the be- 
haviour of slopes of unsaturated tailings sands under the 
earthquake loading conditions. However, since the tailings 
sands are sufficiently clean and the capillary pressures 
negligible, the unsaturated tailings sand in this case may 
be treated as a dry cohesionless material. Analysis of the 
stability of slopes in such materials under the influence of 


ground acceleration involves two steps: 
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i) the determination of yield acceleration, or 
the acceleration at which sliding will begin 
EOVOCCUr, ani 

ii) the determination of deformations that will 
result if the imposed acceleration exceeds 


the yield value. 


Using the sliding block analogy for cohesionless 
materials, Seed and Goodman (1964) show that the yield 


acceleration eh can be expressed by the equation 


Beoli oO. O) (6.7) 


Cy MEBEe (Ch. ceuckoon © GOoac 


where g' = angle of shearing resistance of sand, 
a = inclination of slope, and 
8 = inclination of ground acceleration 


toward the slope below the horizontal. 


For a horizontal ground acceleration this expression reduces 


to 
ay Some iee Chea — ay) Couns Oe I Sts (6.8) 


For a slope subjected to ground acceleration, 
yielding will begin when the acceleration exceeds the 
value a. The extent of the ensuing displacements will 


depend on the nature of the ground motions and the stress 
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deformation characteristics of the slope material. 
Near (1965) suggests that these displacements may be 
computed by a procedure analogous to that used for 
analyzing the deformations of a sliding block on an inclined 
plane. Further analyses and model studies by Goodman 
and Seed (1966) confirm the validity of Newmark's approach. 
It should be noted however that all model studies reported 
by Seed and Goodman (1964), and Goodman and goed (1966) 
were performed on dense materials. Observations of interest 
here from these studies can be summarized as follows: 
T)jete the slope is initially steeper: than the 
angle of friction of the soil in a loose 
condition, then failure usually develops in 
the form of a "Sand run" -- an unlikely event 
in the case of a well designed tailings dam 
as stability considerations would generally 
dictate flatter slopes than the angle of 
friction of the loose sand; 
ii) in a well compacted slope, experimental 
evidence indicates that the failure occurs 
by mass sliding of a thin surface zone; and 
iii fnetettie ,initidlainelanation gos the eslopes«is 
less than the angle of friction of the soil 
in a loose condition, movement occurs only 
during the application of inertia forces 
and no further displacement occurs when the 


ground motion has ceased. 























ahaa ian 

ad yim alee 
Pommemrreennniiines meneame 
betxagex setbute Iebom noes tens ani: beton ed bluods 3r 
(8BUI) bse8 Bas etbtabood bas, (a8er) sisnibood bas ee ys 
tesisdal to enoigsvriesdO .a ie aS ‘ Ponesteeee oe J 
:awollet es sosc-lahe Sh hatte saed) nowd exed. ad 


sft asd? asqsete2 viisitint ai sqola ort ti (€2 noth es Ray! 















: A Zo ws ' ot apie = if 
aseool s at Lioe siz to AObYDLxt To sipas oa sual 
. Pa | x ' aS a 
ai agoisveb yifsues sxolist saad .aoisibaoo ; Ane 


theve -yledilas ts -- “aire bases 96 drkod ort we mae 

mab apaiiies boapreab LLow 6 oe 9889 edt ai 
_yifexansp Luow snciverbidaeo wElidere as, Poe 

to wthee ght ents eoqole xedtei2 edetolb: 

4biipe 92008 att to qoktoixt fay 

IsgnomixegKs | ‘\sqore. baal’ ttow 8 ce 

exvoog otetist oft sss an2notbak Wepebive 7 _ 

bas ;9n0s 9968itwe niqs 5 io pribiie eesm yd 

i on ae ak 

+ find eaof 





et oqole odd 2 noitsnilonr 






_ Liga 99 To nobioixt Yo olpas s d 
Vino eurd56! Stromdyven nol tiba 


262 


6.3.2.2°" Comments Relevant’ to°-Tailings~ Dams 


It has been assumed in the above studies that the 
materials are sufficiently dense so that the displacements 
occur only due to sliding in a manner similar to that of 
a@pilockesitdangeon-an-inclined=plane. It is felt that 
the above approach is equally applicable to the slopes 
containing sands at lower densities, provided consideration 
is also given to the settlements which might occur due to 
the vibratory loading of an earthquake. This aspect of 
earthquake effects on dry sand is discussed later in this 


chapter. 


It has been indicated that the ground acceleration 
must exceed the yield value before any yielding or sliding 
can occur. In the case of a typical tailings dam, consider 
a downstream slope of about 225 (2259 LOL. 0 7. norvzontal.to 
vertical) anda ¢g' of 35°. From Bouation (0.0) 7 tne= yield 


acceleration in a horizontal direction is 
ay = tan (35° - OF af per ele 


Therefore, the displacements due to sliding are 
likely to»occur only in areas of extremely high seismicity 
(a >.23g). According to the analyses presented by Newmark 
(1965), for an extremely Severe earthquake (a =*“'5q) of a 
long duration, the maximum displacement due to sliding for 


the above slope will be less than about 1 ft. On the basis 
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of the above observations it can be concluded that generally 
the earthquake induced displacements of the type in question 


would not be an issue in the design of tailings dams. 


G23.5 Earthquake Induced Settlements 


In addition to the sliding displacements discussed 
in the previous section, Ere teens settlements can also 
occur in dry or moist cohesionless soils as a result of the 
compaction induced by the earthquake shaking. Seed and 
Silver (1972) outline a procedure for estimating these 
settlements. The procedure takes into account the initial 
density of the deposit and the initial stress conditions as 
well as the intensity and duration of an earthquake. The 
proposed procedure has provided reasonable values of 


settlement for sand layers in shaking table tests. 


A typical example of the use of the method is 
provided for a 50-ft thick sand deposit having a relative 
density of 45% subjected to a maximum base acceleration 
of about 0.35g as recorded on a site in the San Fernando 
earthquake of 1971. The computed settlement of 2% inches 
is generally consistent with the settlements observed in 


this earthquake. 


Different sand will clearly have different 
compaction characteristics. Each case must therefore be 


assessed separately. For a typical tailings dam, however, 
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where relative density of hydraulically placed sand is 
likely to be about 45%, the above computed settlements are 
extrapolated to obtain a rough estimate of the anticipated 
settlements. Accordingly for a 300 ft high tailings dan, 
the estimated settlements under an equivalent earthquake 
will be about 12 inches. The settlements of this magnitude 
are not likely to pose any serious problem in the design 


of tailings dams. 


6.4 Summary of Conclusions 

ee On the basis of the information presented in 

this chapter it has been concluded that a relative density 
of 50 - 60% should be sufficient to preclude liquefaction 
in the case of tailings sand where design accelerations 
abesnOuslikely eto exceed O.lg. Invareas of high seismicity, 
higher densities may be required. Inclusions of loose 
materials of any extent should be avoided in the case of 


tailings dams to be constructed in seismic areas. 


2s It has been indicated that as an alternative to 
densification, drainage of tailings sand may be used 


effectively to reduce liquefaction potential. 


on It appears that earthquake induced instability 
in dry cohesionless slopes only causes shallow displacements 


of insignificant magnitude. 
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4. Earthquake induced settlements are likely to be 


of insignificant magnitude in the case of tailings dams. 
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CHAPTER VII 


SYNTHESIS OF DESIGN CRITERIA 


AND MATERIALS HANDLING 


Teil) » Introduction 
Design requirements, construction methods and 

procedures of materials handling to be followed at a site 
are three closely related aspects of constructing a tailings 
dam. It is futile to discuss one without a reference to 
the other two. For presentation purposes in this chapter, a 
discussion on the design criteria and materials handling 
requirements will be divided into three sections under the 
following headings: 

i) upstream method of construction, 

ii) downstream methods of construction, and 


iii) suggested new techniques. 


The class of problems to be discussed in items (i) 
and (ii) will relate to the conventional methods of construct- 
ion as indicated by the headings. The class of problems in 
item (iii) will relate to the new techniques to be presented 
on ie basis of the observations made during this research 


program. 
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we Upstream Method of Construction 
7.2.1 General 

As previously discussed in Chapter II, the major 
advantage of the upstream method is its simplicity and the 
resulting low cost of construction. Most of the existing 
tailings dams in Canada appear to have been constructed by 
this method. Many failures, however, have been ascribed to 


this type of construction. 


It appears that most of the previous investigators 
have concentrated on finding reasons why tailings embankments 
constructed by this method are subject to failure. It is 
proposed in this section to delineate operating conditions 
under which this technique might be used to construct safe 
tailings dams. Previous work on this subject has been 
reported by Blight (1969), Kealy and Soderberg (1969), and 
Kealy (1973). The work of these investigators will be 


discussed and incorporated where applicable. 


7.2.2 Relevant Analyses 

A general discussion of the design criteria for the 
construction of tailings dams has been included previously in 
Chaplet wlaw ine, GLLect ot the phireatic’ surface on the 
stability of downstream slope of a tailings dam has been 
demonstrated by infinite slope analysis. The cases discussed 
SnemCiOSesOL aaislLope Of Cohesioniess soil. In this analysis, 


the factor of safety for a slope with parallel seepage flow 
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(i.e. when the phreatic surface coincides with the surface 


of the slope) can be expressed by the equation, 


Mae ae ; 
P.S, = Ww eR (7.1) 
ij tan «a 
c 
and foi a condition of no seepage flow by, 
Fy, sah am, 0%) Sere generated for: th: (7.2) 


tan a 


Kealy and Soderberg (1969) have performed stability 
analyses using the method of slices (Bishop, 1955) on the 
downstream slope of a typical tailings dam constructed by the 
upstream technique. The results for the cases of high and 
low phreatic surfaces are as illustrated in Figure 7.1. The 
factors of safety for the critical slip surfaces are shown 
fon, the. two. cases..1i.¢.,... 1.14,forsthe.case of, highs phrneatic 
surface and 2.68 for the case of low phreatic surface. It 
is of interest to note that the factors of safety for the 
above two cases from infinite slope analysis (Equations 7.1 
and 7.2) for equivalent soil parameters but with (c'=0) are 
1.17 and 2.10 for the high and low phreatic surfaces 
respectively. The discrepancy in, the factors of.safety for 
the low phreatic surface case in the two analyses is obviously 
due to the c’ = 3.5 psi being used in the Bishop analysis 
and not in the other. Otherwise the agreement between the 


results from the two analyses is excellent. 
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Rather conflicting results have been presented by 
Blight (1969). He treats the slope as a Curtingsiived 
normally consolidated clay with the water table at the 
surface and a linear increase in shear strength with depth. 
The solution is obtained for a deposit increasing in 
thickness at a constant rate m by coupling the works of 
Gibson (1958) and Gibson and Morgenstern (1962). Sets of 
curves, as shown in Figure 7.2, are generated for the following 


input parameters: 


C, = 3000 £t*/yr, 
B' = 35° 

c si=: 0} 

y se 1 2ZO0NpGE Ss and 
F aShot=yl 25. 


An examination of these curves indicates that they could not 
possibly betcommectigmorginstance, for a factor of safety 
of 1.37 tthe icumvesisin’ Bigure: i7ii2Aagivesa safe slope height 
of 100 ft at a slope angle of 35° for a rate of deposition 
Of 5 £t/yr. Fromsan infinite slope analysis for. the same 
dam with the water table at the surface, the factor of safety 
is only 0.48 or alternatively, the design slope angle at a 
hactorvo& safety ofwhs5, risiponly. 12.5°. It is obvious from 
this example that Blight's work is in serious error. It is 
felt that his assumption to treat the tailings slope as a 
case of undrained stability is at the root of this error 


since a tailings slope is in fact a case of long term 
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(drained) stability. To put it another way, his assumption 
to treat a normally consolidated fill slope as a case of 
undrained stability is incorrect since such a slope would in 


actual fact be subjected to steady state seepage. 


7.2.3 Existing Tailings Dams and Stability Considerations 


It appears that most of the existing tailings 
dams have been constructed with little or no attention being 
paid to even the most basic principles applicable to the 
design of earth-fill dams. The following three items are 
noteworthy: 

i) the downstream slopes of many existing tailings 
dams are too steep to provide an adequate 
factor of safety against a shear failure; 

ii) many of the existing dams have a high phreatic 
surface and develop seepage through the down- 
stream slope; and 

iii) inadequate attention has been paid to the 


stability of foundation soils. 


It has been reported that the majority of hydraulic 
tailings dams have an average downstream slope of 36 degrees 
(Hoare, 1972). The downstream slope of 19 dams at 8 different 
mining properties have been observed by the above author to 
range from 35 to’ 37 degrees. In arid and semi-arid regions, 
tailings dams with even steeper slopes have been constructed. 


Casagrande and MacIver (1971) describe one such dam which 
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has been built to a height of 300 ft at a downstream slope 

of about 60 degrees. Stability analyses such as those 
presented in the previous section would indicate that these 
Slopes are far too steep to have an adequate factor of safety. 
In fact, it appears that these dams must loom dangerously 
close to a factor of safety of unity and would be subject to 
failure at the slightest provocation, such as an increase in 
pore pressures or softening of the exterior slope by a heavy 
rainfall and surface erosion or minor seismic vibrations. 
Perhaps this explains why so many of the failures in tailings 


dams have been preceded by heavy rain falls. 


With regard to item (ii) above, it has been shown 
Previously In Chapter II” that the Location of “thé phreatic 
Surface has a marked influence on the stability of the down- 
Sercdnieo lope. Of attarlings dam. Accordingly, in a* proper 
engineering design, the phreatic surface would be maintained 
well within the embankment and seepage water would only be 
allowed to exit the downstream slope through an adequately 
designed underdrain at the toe of the dam. Kealy and 
Soderberg (1969) report, however, that one of the problems 
observed during their visits to many mines in the United 
States is that the initial starter dyke is frequently 
constructed of impervious materials. Since the starter dyke 
generally forms the downstream toe of the final dam ina 
typical upstream construction, this results in seepage 


through the slope above the starter dyke and also possible 
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softening of the materials in the starter dyke. Hence 
instability develops at the toe of the dam. Out of the 19 
mining operators who answered "yes" to the question "Have you 
had stability problems?" posed in a questionnaire by the 
Sub-committee on Stability of Waste Embankments (see Chapter 
II), nine indicated that their problem was related to seepage 
through the dam while most of the others indicated foundation 


failures. 


It is of interest to note that almost 50% of the 
above cases of instability are related to foundation failures. 
It is easy to understand, however, once it is realized that 
55 of the 66 mining operators who participated in the above 
questionnaire indicate that no subsoil investigation had 
been performed at the site prior to the construction of 


a dam. 


On the basis of the above presentation, it can be 
concluded that the shortcomings in the tailings dams as 
listed in items (i) to (iii) above can be eliminated by 
following the basic principles of earth dam engineering. 
In seismic areas, however, tailings dams must also be designed 
to prevent liquefaction through densification or drainage 


as discussed in the preyious chapter. 
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7.2.4 Materials Handling 

In addition to the conditions discussed above, the 
other major criticism of the upstream technique is related to 
the possible inclusion of soft slimes within the retaining 
embankment. This type of problem does not lend itself 
readily to an adequate analysis. It appears shen BUKS that 
the only practical way to solve this problem is through a 
proper procedure of materials handling. It has been 
indicated in Chapter II that ina stagnant pool of water, the 
tailings material sediments as a homogeneous Slurry with 
a consistency of very sotthsittae dt ds recognized that this 
phenomenon is responsible for the inclusions of soft slimes 
within the embankment. This happens either during the spring 
runoff when the length of beach is reduced or due to back- 
ponding during spigotting operations as described previously 


in Chapter II. 


It is clear, therefore, that by maintaining a 
sufficient length of beach at all times and by careful 
Spigotting, slimes can be kept out of the embankment area. 
It should be recognized, however, that a certain amount 
of experimentation might be required on a site before a 
Suitable technique is evolved. Separation of sand by 


cyclones might be of value in this regard. 
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Tee Concluding Remarks 

It has been indicated that by following the basic 
principles of dam nen and through the judicious 
handling of materials, safe tailings dams can be constructed 
by the upstream method of construction. The height to which 
such a dam can be constructed would however depend upon the 
length of beach that can be maintained. For instance, in 
large ponds a beach width of 200 to 300 ft should be feasible. 
For a beach width of 300 ft, therefore, a dam height of 120 
ft is possible,at..a slope inclination, of,,2.5 to 1.0. (or slope 
angle of about PAW In the case of a well drained and 
adequately compacted embankment, the possible height might 
be. raised .to.450 ft ata slope angle of 2.0 to 1.0. or about 
Dee The actual design side slope for an embankment, however, 
would depend upon the angle of shearing resistance of the 
material and the other related factors previously discussed 
in this thesis. Much higher tailings dams, however, can 
be constructed by essentially following this method but with 
some modifications to the basic techniques to be discussed 


later vin.this chapter. 


Construction by the upstream method is likely to be 
viable particularly under the following conditions: 
iia whenathe tas lingssare of a relatively coarse 
grind (-#200 material <50%); 
ii) when the dam is to be raised at a relatively 
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iii) when the dam is to be supported on a 


relatively pervious foundation. 


Figure 7.2A illustrates a safe tailings dam being 
constructed by the upstream technique to meet all design 


requirements. 


7.3 Downstream Methods of Construction 
7.3.1 General 

In recent years, due to the advances in technology 
and mining equipment, and the increasingly higher metal prices 
on the world market, there has been a trend towards the 
development of large low-grade open pit mines. Typically, 
each of these mines are likely to produce in excess of 200 
million tons of tailings requiring some exceptionally high 


tailings dams. 


It has been previously indicated that safe tailings 
dams might be possible to only limited heights by the 
conventional upstream construction. Therefore, for the 
fast rising tailings ponds of these large mines, particularly 
in the narrow mountain valleys, the newly evolved downstream 
methods are generally recommended for the construction of 
tailings dams. A description of these methods (downstream 


and centreline) has been presented in Chapter II. 


Currently, tailings dams to be constructed by the 
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downstream methods are designed on the basis of experience 
available from the design and performance of conventional 
water storage dams. Although the basic principles of earth- 
dam engineering are applicable to the design of tailings 
dams, it should be, however, recognized that there are some 
fundamental differences in these two types of structures as 
reviewed in Chapter II. Therefore, for an optimum design, 
it is felt that all pertinent requirements should be 
evaluated in light of the specific conditions and variables 
involved in the construction of tailings dams. The require- 
ments for seepage control and those relating to the earth- 
quake resistant design have already been discussed in the 
previous chapters. The requirements relating to the 
selection and placement of materials and those of materials 


handling are discussed here. 


7.3.2 Separation ‘Requirements for Sands 


hash AMoucharactemustics tof Sand 

As indicated previously, perhaps the most critical 
mactomeatfecting the @conomics of constructing a tailings 
dam by the downstream methods is the percentage of tailings 
which is available as suitable construction sand for the 
dam. No definite criterion is available to assess the 
guality of sand required for the construction of tailings 
dams. It is indicated, however, that the sand must be free 
draining and it is currently believed that the amount of 


fines control the quality of sand. As in the case of 
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conventional hydraulic fills, emphasis is generally placed 
on getting the sand as clean as possible. Grain size 
distribution curves for typical hydraulic sand fills are 
shown in Figure 7.3. A review of the sands being used at 
some of the new tailings dams appears to indicate that the 
fines content has been restricted to less than about 12% 
(Table 2.2). Furthermore, in some cases, the fines content 


has been reduced to as little as 33. 


Although it may be desirable to have the sand free 
of fines from the point of view of ease of construction, the 
issue deserves careful consideration since the amount of 
fines in the sand also controls the supply of sand available 
for the construction of a dam. In fact, the fines content 
has a ena! effect - an increase in the acceptable amount 
of fines in the gana enhances the sand supply and also 
reduces the amount of sand required due to the reduction in 
the amount of slimes to be stored. Under these circumstances, 
a thorough examination of the point in question is, therefore, 


in order. 


Accordingly, a review of the possible requirements 
from the point of view of design and materials handling 
indicates that the sand must meet the following requirements: 

i) the permeability of sand must be sufficiently 

higher than that of the slimes so that a low 


phreatic surface can be maintained within the 
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dam as discussed in Chapter V, and 

ii) the sand must be of sufficiently high 
permeability to allow relatively rapid 
drainage of the hydraulically placed sand 


during and after placement. 


In assessing the first requirement it appears that 
the required permeability of sand would be a function of 
the permeability of slimes at the sand-slime interface. 
Although the selection of a definite figure would be somewhat 
arbitrary, a ratio of 100 between the two permeabilities has 
been used at some dams as a criterion for quality control. 
On the basis of the analyses performed during this investi- 
eer. a sand-slime permeability ratio of greater than 100 
or alternatively for average slimes, a sand permeability of 


Teceslon: 


cm/sec would ensure a relatively depressed 
phreatic surface immediately downstream of the sand-slime 
interface. For instance, in the numerical example presented 
in Section 5.4 (Chapter V), the computed depth of water along 
the slope of the starter dam is only 10 ft for-the sand 
permeability of 1.0 x qo cm/sec. It can be argued, however, 
that the permeability of sand at depth is likely to be lower 
than that of the initially placed sand. For example, the 
permeability of sand as measured during the field testing at 
the Bethlehem Dam is about 3.0 x ee cm/sec near the 


ee cebandsasmlousas. 0.40% 10. - cm/sec at a depth of 40 ft. 


The permeability of the sand in question might therefore be 
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251. 
as low as <0 = nore cm/sec if a similar reduction is assumed 
or even lower at greater depths during the later stages of 
dam construction. Under these circumstances, it would appear 
advisable to lower the phreatic surface by including an under- 
drain along the downstream slope of the starter dyke or 
alternatively by constructing the downstream slope itself of 
free draining material. Therefore the phreatic surface need 


not as such depend entirely on the permeability of sand. 


A method for locating the phreatic surface down- 
stream of the starter dam based on the seepage flow through 
the dam has been presented in Chapter V. Under the average 
construction conditions, however, this technique is likely 
to give misleading results, since drainage from the hydraul- 
ically placed sand is not included in the formulation. It 
can be further added that the quantity of seepage from the 
sand could be substantial and may, therefore, control the 
toeation of the phreatic surface at least periodically. 
Although the situation does not lend itself to a proper 
analysis, Lorvalie practical purposes, -the problem can be 
solved by incorporating an underdrainage system in the design. 
The phreatic surface downstream of the starter dam can, 
therefore, be maintained near the base of the dam by the 
installation of underdrains and again need not depend 
entirely upon the value of the sand-slime permeability 


ratio. 






at 
_s< 


bemweas ad aoltoubsx telimia 6 XE were ae ee a) a _ 
te eepstea tetel srit ontxwb eiigeb aedserp os ithe pane a0 _ 
saweue Side’ tt ,tkeskreerstts ee be aiicemeniianee 
-isbau ae pnibuloat vd sontuse oitnondg ott tewol os sideeivbs: _ 
10 styb xotitete ss to egole mestxanwob edt pools nisxb 7 = 
to tieeti eqole msextenwob sat pritourdentoo ya vlovitemres.is 
been sosiive oidsetdg ET obs) o10tsxedt Isixsdem pniaisxb 9ext 
.base to ytilidsonrreg ott Ao yisriins baaqeb fovea es gon 


LD a | wv, Orns 























eye! pny L Ny 


astwok sostiwe sitsexriq oft pritssool xoi bordjem A 
7 : 6 374.2 4 
dpyvoidt wolt spsaqese eft no bsesd msb todaste eft Io msoxta- 
epstevs offi ~ebaU .V rstqsndD at bostneesiq need asd eb ods 
yfeaitl ei supindoss eidi ,rsvewod ,ea0istibaoo noisouttenoo 
-{fuswbyd ed+ moxt epsaisib sonie as ivesx paibsoleim ove of 
$3 .tokssiumiet odd mi bobuLoai jon at base beosla llsok 
eh 
oa3 mort spsgese jo ytitasup sis jor babbs tedtxwt ad nae 
Oat 
ot Louse ) ‘auacaiens , Yom brs tsttaetadve od Siues yee 
; “59. Ia 3s 
yi tbo tbateag Jagat te eostwe oidsetda eds to ee 
2123. 7.:72 oe 
tegotqg 6 of tleesti bayl ton 290b noid susbe Ss 
ed aso. mealdorg six ,esvoqing isotdonag iis 02 aesalt 
lee Ve 
\ ars ods ai moseye spsnisrhrobnbi 1S pai texoqxooni pth Sette | 
wy 2y 7 
1459 mpb x9t1s3e oft to meetsenwob epsiuue sidsezdq if 
See eens ee 
- oft yd msb sft to sesd odd xe98 bortistnisn od 
ohh wel 
bnegeb ton beon nisps bas enierhvebau bagi 


YsiLidscarseq ani La-buse ofl? 20 suisy ond we u yt Sey a 







The materials handling requirement in item (ii) 
above can be evaluated by considering two conditions - one 
that during sand placement all excess water must drain 
vertically down without ever emerging to the surface (this 
is necessary to avoid possible segregation of fines) and 


the “other=that the’ sand must drain rapidly so that mechanical 





equipment can be operated on the newly placed sand within a 
reasonable length of time if necessary for purposes of 


materials handling. A discussion of these two conditions 


follows. 
COucrEIOnL = lypically, sand is placed in a tailings dam by 
hydraulic methods. When cyclones are used to classify sand, 


two alternate methods of sand placement may be followed 

- one by direct, underflow discharge from the cyclones placed 
on the dam and the other by conventional hydraulic fill 
methods by piping the sand-water mixture from the cyclones 
placed on the abutment in a manner similar to that followed 
at the Brenda dam. In the second alternative, when the 

Sand is to be placed by the hydraulic fill methods, a 

large amount of water has to be added to the sand for 
transportation purposes. When the sand-water mixture is 
discharged on the dam, the sand particles immediately fall 
to the bottom while the finer particles remain suspended 

in the excess water and flow to a low area where most of 

the excess water is removed leaving a shallow depth of water 


and some fines behind. Figure 7.4 is a photograph of such 
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an accumulation of water on the otherwise very clean sand 
and Figure 7.5 is a photograph of the thin coating of fines 
left on the sand after the water has evaporated. If this 
method of sand placement is to be followed, it is quite 
obvious that the sand must be extremely clean to avoid large 
scale contamination of the sand by these thin layers of 
slimes which will be prime areas for perched water tables 

in the dam. This conclusion is in concurrence with the 


experience available from conventional hydraulic fills. 


Lif.sand is to be.placed directly from the cyclones 
located on the dam, a larger percentage of fines can be 
accepted in the sand since it is discharged on the dam with 
a much lower water content. Although the sand is placed 
asa Slurry by, this method, it is not really a case of 
hydraulic filling in the conventional sense; the difference 
being that in the conventional hydraulic filling, see 
water is allowed to flow at the surface of the fill 
resulting in possible segregation of fines carried by the 
Waterie In. this~case; however, the),sand,must be.sufficiently 
pervious so that all excess water in the sand drains 


vertically downwards without ever emerging to the surface. 


Consider a typical case of sand placement by this 


method. The water content of the cyclone underflow is likely 


to be about 50%. On the basis of the experiences gained 


during this investigation, the initial dry density of the 
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sand after placement can be estimated to be about 85.0 pet 
with a water content of about 36% when saturated. The 
permeability of the sand must therefore be large enough to 
drain sufficient water for a change in water content from 50% 
to 26% during sand placement. Consider, for instance, sand 
placement at the rate of ou ft/hr. The amount of excess water 
to be drained in one hour would therefore be (0.19 x a) cu ft/ 
sq ft. The rate of drainage in a downward direction would 

be K x i where i, the hydraulic gradient, is equaichos unity. 
Therefore, for complete drainage of excess water in the 


downward direction, K must satisfy the following expression, 


A 
lI 


0 Jeni, ft/hs 


I 


or K a0 kGex. fom/Sse@c: saturation front to seen { Tees) 
It has been indicated previously that a sand permeability of 
1 see: Loss cm/sec would be sufficient in a typical case to 
Maintain a depressed phreatic surface in the sand dam. It is 
obvious from Equation 7.3 that the rate of sand placement 
would be restricted to about .6 ft/hr for the above value 

of sand permeability. On the basis of field observations, 

1€ is felt that this rate of sand placement is likely to be 


more than adequate for construction at most dams. 


Condition II - In some cases mechanical equipment is required 
to operate on the newly placed sand for purposes of materials 


handling. To maintain a reasonable construction schedule, 
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it may be necessary in these cases for the equipment to be 
able to operate in an area soon after a lift of sand has 
been placed. Consider a case where a lift of sand has just 
been placed. It can be assumed that initially the sand is 
fully saturated to a certain depth depending on the thickness 
of the layer just placed. With passage of time, water drains 
in a downward direction and the saturation front moves below 
the ground surface. The sand will be fully saturated below 
the saturation front and only partly saturated above iit. 
The experiences from the construction industry indicate that 
construction equipment can be operated on the partly 
saturated sand if the water table is maintained at a minimum 
depth of 3 to 4 feet. Therefore, it appears that sufficient 
time must be allowed for the saturation front to move through 
a distance of 3 or 4 feet before equipment can be supported 
on the sand. The length of time t required for the 
Saturation front to move through this distance is obviously 
a function of the permeability of sand and can be computed 
from the following expression neglecting capillary effects, 
Vax As x aye - We) 
oe ess (74) 
G2 EO Oe 
Where A = distance through which the saturation 


front moves, 


= 
II 


initial water content in 2, 
W, = final water content after drainage (3%), 


and 
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K = permeability of sand in ft/hr. 


For typical values of A = 4 ft, ss = 363, We = 15% and 


Ya = 85.0 pcf, Equation 7.4 is reduced to 


Ee ee 121k ea ie 
t= eA esas 100 Kh as a aS ee a a Eres Sears yO) 


Therefore, the time required to drain water to a depth of 
4 ft would be about 10 hours for the sand permeability of 
phos) 54 ar cm/sec. It is felt that this rate of drainage 
should be more than adequate to maintain a reasonable 


construction schedule at most dams. 


7.3.2.2 Summarizing Remarks 
It has been shown so far in this section that 


sand with the permeability value of 1.0 x Loa 


cm/sec is 
more than adequately pervious to satisfy all possible 
requirements from the view point of design and materials 


handling provided care is taken to avoid segregation of 


fines during sand placement. It should be noted that the 


above cited permeability value is at a relative density of 


about 40 to 50% which is considered typical for hydraulically 


placed tailings sands. Furthermore, the above cited 


permeability value has been somewhat arbitrarily chosen for 


presentation purposes. The actual value of the acceptable 


permeability at a given site would depend upon the specific 


requirements of the project, and can be evaluated in the 
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manner presented above. It is felt, however, that on the 
basis of the work presented above, the sand permeability of 


3 


d J0340810 cm/sec can be considered a reasonable criterion 


‘ 


for quality control under average conditions encountered in 


the construction of tailings dams. 


It has been shown in Chapter III that the 
permeability of a tailings sand at a void ratio of about 


0.9 can be estimated from the following expression, 


s 2 
Mee OOD pan © Wane 8 ey 9 eae (756) 
Where K = coefficient of permeability in cm/sec, 
and Dig = effective size in cm. 


From this equation and the permeability value of 1.0 x My 


cm/sec, Dio is estimated to be about .033 mm. On the basis 
of these results a practical criterion of fines content can 
be defined in a way that no more than 10% of the material 
should pass the #400 sieve De = .037 mm). A review of 
the sands studied in this investigation indicates that for 


the above criterion of fines content, the percentage of 


material finer than the #200 sieve would range from 20 to 25%. 


@rses Se Density Of Tailmngs Sands 
reese “General 


It has been indicated in Chapter VI that relative 
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densities of 50% to 60% may be needed to eliminate lique- 
faction in areas of moderate seismicity (acceleration < .lg). 
In areas of high seismicity, even higher densities would 

be needed. If these densities cannot be achieved by 

"normal" hydraulic placement of tailings sands additional 
densification by mechanical equipment would obviously be 
required. This would naturally ACGIO. ENeRCOS: Wot al langs 
disposal. Therefore, it is important to evaluate the extent 
of densities that may be possible to achieve by the hydraulic 


placement of tailings sands. 


1 a3 2a Density of Conventional Hydraulic Fills 


Onivo hydraulic fills derived from fairly clean 
sands are of interest here. In his state-of-the-art paper 
6ncat led = Aydraukiec ri Lis, cto.Support. Structural Loads”, 
Whitman (1970) describes this type of fill to be that 
which is formed using borrow materials having less than 15% 
fines (-#200 material). Other investigators indicate that 
Suitable hydraulic fills could be formed by using borrow 
materials with a somewhat higher percentage of fines. See, 


for example, Turnbull and Mansur (1973). 


It should be recognized that the acceptable per- 
centages of fines noted above are those present in the borrow 
fatermials tovbeuuscdstor hydraulicaribling. It 1s generally 
assumed that through proper sluicing techniques, the actual 
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tO a more destrable “figure of “about “Less than 10%. The 
criterion, it appears, is to have the sand fill as clean as 
possible. Sand fills with less than 5% fines content are 


frequently cited in the literature on hydraulic fills. 


With regard to densities achieved in these fills, 
the experiences cited in the literature are summarized in 
Table 7.1. These reported values of relative densities, 
however, should be regarded with some suspicion. Not only 
can sampling influence the measured in situ density, 
but also there has been a general lack of agreement upon 
methods for determining maximum and minimum densities. A 
review of the literature on the subject, nevertheless, 
indicates that with proper control of placement details, 

a reasonably uniform fill of moderate density can be 
achieved. In connection with the hydraulic fills the 
following additional points are noteworthy: 

i) It is generally emphasized that the quality 
agape LLormance Of Mydraulic ills are CLOSelLy 
related to the placement techniques followed. 
Recommended procedures for placement of hydraulic 
fills are discussed by Turnbull and Mansur 
(1973). It is especially important to avoid 
ponding of water where fines might settle out 
to form soft pockets or layers. Furthermore, 
material must not be bulldozed into low areas 


without subsequent sluicing; otherwise zones 
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of low densities will result. 

ii) To obtain optimum density, it is important 
that the true water table is well below the 
surface of the fill so that there is downward 
drainage at all times. Densities obtained 
in the case of hydraulic fills placed under 
water are generally much lower than those 
noted in Table 7.1. 

i W)Le Skt Chydraiwl rc fills require densities greater 
than those noted in Table 7.1, the required 
densification is generally accomplished by 


conventional equipment. 


7.3.3.3 Comments Relevant to Tailings Sands 


In situ density results with respect to cycloned 
tailings sands are summarized in Table 7.2. The results 
indicate that there is a large variation in the values of 
relative density at Brenda dam where construction is carried 
out by the hydraulic cell method. At the other two dams in 
Table 7.2, the construction is by on-the-dam cycloning and the 
relative density varies over a relatively narrow range of 


values. 


On the basis of the limited information included 
in Table 7.2, it appears that average relative densities of 
45% to 55% can be achieved by on-the-dam cycloning technique. 


These values are comparable to those reported in the case 
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of hydraulic fill sands (Table 7.1). It should be noted 
however, that the values of relative density reported in 
Table 7.2efor the Bethlehem tailings sand are equivalent to 


only 89 to 94% of the maximum Standard Proctor Density. 


7.4 Suggested New Techniques 
7.4.1 Efficient Use of Cyclone Classifier 


It has been indicated earlier in this chapter that 
the sand yield depends on the amount of fines accepted in 
the sand as well as the efficiency of the separating 
technique. The first of these two variables has been 
discussed in the previous section; the second is discussed 
here. Various methods of See Yeats sand from tailings have 
been described in Chapter II. Of all the methods discussed, 
it has been indicated that the use of the cyclone for this 
purpose shows the most promise. Therefore, we will confine 
our discussion here to only the use of the cyclone as a sand 


Classifier. 


The cyclone has been used both as a classifier 
and a thickener in the milling process by the mining industry 
for many years and a great wealth of experience has been 
gained in the operation of this device in that capacity. But 
very little information has been published on its use as a 
tailings classifier. For instance, no information has been 
supplied on the operation of the cyclone in the "Tentative 


Design Guide for Waste Embankments in Canada" (The Department 
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of Energy, Mines and Resources, 1972). 


Recently, some work has been reported on the 
subject by Hoare (1972). On the basis of some very costly 
field tests, the following conclusions have been drawn with 
regard to performance trends for the cyclone with a rope* 
type discharge: 

i) An increase in the size of the apex will 
increase the weight recovery as long as the 
underflow forms a rope type discharge. Weight 
recovery is the weight of the solids in the 
underflow expressed as a percentage of the total 
feed. 

ii) An increase in the feed pressure increases the 
weight recovery. 
cian shel increase in the diameter of the vortex finder 
decreases the amount of fine material in the 
underflow. 
iv) <A decrease in the length of the vortex finder 
causes a decrease in the amount of fine material 


in the underflow. 


* There are two types of discharge commonly associated with 
a cyclone underflow - a vortex discharge and a rope type 
discharge. A vortex discharge constitutes a wild spray 
and a rope type discharge is a continuous stream flow 


Wild SULLdUemOrlOn 2 FOL PpuLposes OL tattinos classification, 


it is necessary that the cyclone operates with a rope type 
discharge. 


292 





















i phim ela “ae 
eit no bettoges mead, vet som moe etnoOA oie 4 7 
yiszoo yrav smoe 20 ekasd eddymO).(STCL) sB0H "i 
ijtiw awsxh assed sve enolaewipaeo paiwollot edt pase 
rogor 8 ri#iw enoLoys edd 36% wBaexd eoasmio2zeq of bameer 
tat, sageiliaaalany, cual _tpemnsioatb) eayt iF 7 
fliw xeqs sft to oske add, mi,sesexond, aA): (2 ; 
eft es pol e6 yusvoost tdetew ost sasotonl:» (nee ae “J 
sripiow -epustivelh sqyt eqox ® emxo% woLtzshaw oa Graz aes @ "1 
sdj at abiioe eit Io tdpiow edt: gi yrovovs: eat ane, EB 
Istot edz to sustnsoieq § as Beeaetqxe wollzebas, 6) an y_ eh 
ie iy hw ROR gat Dee 
gt asessipal suveastg best edt pk. easeront MA (tian “ese 4 
g sNtevessr sapiow cons aad aa ; | 
tebati, xotxev eis to xesomsib edt mi sesoxsai. hiner hht Goomtenge a 
edt at isivedsm omit 10, snvoms odt sessermeb:)oointh gee 
-wollzebay ek Te 
tebirt2 xettey edz to deena ‘i vd ensez00b A TR gi ; 
sic ent? to truvoms ong uk eesozoeb 5, 252US9¢> ie 
awostaebay odd Mb ioiis 6 bow % 


Jone faeern.&. Jia CUBBY 


di? iw eg oor cota A. aeqy? ows .9%s exes, 
ga, La? 5 soe od TOV fe epxsiiatb. . 


T isos fe dee Oud 8 
= ; . aaa) P 
aokteoitieest> eps Ling Sat rofiom Laxiqe 
peg gee 3 sid yrseeeoen ef 

‘eS: ‘a abt, & 


+ of 


293 


It has also been indicated that by altering the 
design and operating parameters, almost any desirable 
separation of the solid particles can be achieved by the 
cyclone classifier. In addition to varying these parameters, 
it is felt that for all practical purposes, the desired 
separation can be most efficiently achieved by subjecting the 
material to more than one stage of cycloning and/or by 
recycling some of the material. This technique is ill- 


ustrated by examples presented below. 


Example ~ 


Grain size distribution eae tieis are presented in 
Figure 7.6 for the materials associated with a cycloning 
operation. It can be seen that the cyclone feed (tailings) 
contains approximately 50% material finer than the #200 
Sieve. The overflow (slimes) contains 67% fines and the 
underflow (sand) contains 18%. The weight recovery under 
these circumstances is about 33%. It is easy to see that 
the slimes contain about 42% sand sizes* and that this 
percentage of sand will not be available for dam construction. 
In fact this material will be wasted in the slimes and will 


take up much needed storage space in the pond. 





* The fines are defined as the materials which pass the #200 
sieve. The sand sizes are the materials which are coarser 
than .06 mm according to the M.I.T. grain size scale. 
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It is felt that by directing the overflow product 
through another stage of cycloning, significant amounts of 
additional sand can be reclaimed for the construction of the 
dam. The actual increase in the amount of sand would depend 
on the efficiency of the second cyclone. It is realistic to 
assume, however, that the overflow product can be adjusted 
to contain less than 15% sand sizes and that the underflow 
product will contain about 20% fines. On the basis of these 
assumptions, an increase in the weight recovery of 19% is 
realized giving a total supply of sand of 52% for the 
construction of the dam. It is equally important to note 
that the amount of slimes has been reduced to 48% from the 
previous 67% - a 19% decrease. It would suggest that now 
only 72% as much sand will be required to maintain the crest 
level ahead of the pond elevation as compared to that which 
would have been required had the second cyclone not been 
inserted into the system. Therefore, the net effect of the 
second cyclone is to increase the sand supply by almost 583% 


(based on the weight of the sand) and reduce the demand by 283. 


To demonstrate the effect of all these changes, 
consider a hypothetical case in which 50% sand recovery is 
needed to meet the anticipated construction requirements. 

It should be noted that the slimes in this case would be only 
50% of the total tailings. In the above split, it would 
mean 50 tons of sand and 50 tons of slimes. In the original 


case of only one stage of cycloning the sand portion would 
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be 33 tons and the slimes portion, 67 tons. In this case, 
the amount of sand required to provide storage space for the 
67 tons of slimes would not be only 50 tons but perhaps 67 
tons if a proportional foepeees can be assumed. Therefore, 
there will be a total shortage of 34 tons of sand needed to 


meet the new construction schedule. 


The effect of inserting the second cyclone into the 
system is to increase the sand recovery to 52 tons or an 
actual increase in the amount of sand of about 58%. The 
overall effect, however, is equivalent to doubling the sand 
Supply - going from a 33 ton supply and 34 ton shortage to 
no shortage condition. This may have been an example of 
an extreme case, but sand shortages can be quite real at 
most of the dams to be constructed by the downstream methods, 
particularly in the critical early stages of the operation. 
Brenda tailings dam, the first dam to be constructed by 
these methods in British Columbia and perhaps in Canada, 
has had two about 15 foot lifts of borrow material added to 
its height in the first two or three years of operation at 
a significant additional cost to the project. Campbell and 
Brawner (1971) cite an example of a large tailings dam where 
sand recovery appears to be of the order of 27% and sand 
shortages are anticipated in the first few years of 
epi Galpin (1972) presents a case of another dam to 
be built by the downstream methods, where low sand recovery 


is anticipated due to the double cycloning specified for 
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the project. 


Example a 8k 


Grain size distribution results on samples taken 
on July 8, 1973 at the Bethlehem tailings dam are presented 
in Table 7.3. It can be seen that the sand recovery from 
the first cyclone is about 30.5%. With the addition of 
Cyclone II, the sand recovery has been increased to an overall 


50% - a Significant 19.5% increase in the sand recovery. 


At the Bethlehem site, the tailings are initially 
processed through a cyclone in the mill and only the coarse 
fraction remixed with a small amount of slimes is piped to 
the dam for further cycloning at the dam. It is estimated 
that only approximately 50% of the total tailings are 
transported to the dam. The rest is discharged directly into 


the pond from the mill. 


The above 19.5% increase in the sand recovery, 
therefore, is on the basis of the material piped to the dam. 
For an average throughput rate of 17,000 tons per day for 
the mill, this increase in sand recovery could amount to 
about 1',000,000 cu yd of additional sand on a yearly basis. 
On a dam where sand supply might be critical, this order of 
increase in sand supply could amount to a saving of $500,000 
in a single year at a conservative rate of $.50 per cu yd 


assuming that borrow materials would have been needed had the 
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sand supply not been adequate. It is recognized that there 
will be additional er anaiearen due to the second stage of 
cycloning. It is felt, however, that these expenditures are 
likely to be rather insignificant in view of the huge 


anticipated savings. 


Example III 


Grain size distribution curves are shown in Figure 
7.7 for the Brenda materials as received in 1972. It can be 
seen that the tailings contain about 44% fines (-#200 
material), the underflow sand about 8% and the overflow 
Slimes about 72%. Under these circumstances, the sand 
recovery is about 44%. It is felt that by directing the 
above slimes through another stage of cyclones, the sand 
recovery could have been increased significantly, as shown in 
the previous examples, without compromising the quality of 


the sand. 


More recent results (February, 1974) received from 
the site indicate that the sand recovery has now been 
increased to about 50%, partly through increased coarse- 
ness of the grind and partly through more efficient use of 
the cyclones. It is felt, however, that through the judicious 
use of cyclones, sand recovery can be increased further at 


this site. 
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It is interesting to speculate that if at a site 

the design requirements are such that sand with up to 20% 
fines is acceptable, for a coarse grind such as that shown 
in Figure 7.7, a sand recovery of about 67% can be expected 
provided sand losses in the slimes can be restricted to 
aboutnz@tdamihat, tfordawpxoduction rate of 30,000 tons per 
day, would mean an increase of 1.5 million cu yd of sand 
supply for an increase in sand recovery from 50% to 67%. 
Furthermore there will be only two-thirds as much slimes 


to store. 


It has been shown in the previous section that a 
Significant percentage of fines is acceptable in the sand 
used for the construction of tailings dams to meet all 
possible requirements relevant to design and materials 
handling. For average conditions likely to exist at most 
tailings dams, fines to the extent of 20 to 25% may be 
acceptable in the sand with the overriding requirement that 
the sand placement technique should be such that no 
segregation of fines can occur. Furthermore, in this section, 
it has been demonstrated that through the judicious use of 
cyclones, a relatively high level of sand recovery can be 
achieved. This also has the effect of reducing the amount 
of slimes to be stored. For instance, for a typical tailings 
material with about 50% passing the #200 sieve, sand recovery 
of over 50% should be feasible. At the present time, for 


a design criterion of limiting the fines content to about 
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10% and a typical loss of sand sizes in the slimes of 30%, 
the sand recovery is usually limited to about 33%. It can 
be concluded, therefore, that the new methods presented here 
could very well be the answer to the problem of sand 
shortages so frequently experienced in the construction of 


tailings dams by the downstream methods. 


7.4.2 Methods of Accelerating Consolidation of Slimes 


The volume of slimes to be stored is another 
Critical factor in the optimum design of a tailings disposal. 
Slimes are discharged into a pond in the form of a thin 
Slurry. After the initial sedimentation which occurs rather 
rapidly, the slimes undergo consolidation which is a slow and 
long term process. The slimes will be consolidating during 
construction and for many years after the completion of a 
mining operation. The writer would envisage fairly deep 


lakes behind some of the large tailings dams in years to come. 


It can be said that with increased consolidation 
much more solid material can be placed within the same 
initial depth. The height of a tailings dam required to 
provide storage space for the slimes is, therefore, a function 
of the degree of consolidation of slimes that can be achieved 
during construction. The higher the degree of consolidation 
of slimes during construction, the lower the dam height 
required to maintain crest level ahead of the pond elevation. 


There are various methods of accelerating the rate of 
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consolidation of hydraulically placed fine grained materials 


(see, for example, Bishop and Vaughan, 1972). 


The case of double drainage (or underdrainage) is 
of particular interest here. It has been indicated in 
Chapter V that in the central portion of a tailings pond, 
consolidation occurs due to drainage of pore water in only the 
vertical direction. Pore pressure distribution curves a 
shown plotted in Figures 5.2B and 5.3B for a constant rate 
of deposition for the cases of impervious and pervious bases 
respectively according to Gibson (1958). Since the effect 
of consolidation can be best assessed in terms of increases 
in effective stress, the above curves are presented again in 
Figures 7.8 and 7.9 but this time, to illustrate effective 
stress distributions. It should be remembered that Figure 
7.8 presents results in terms of excess pore pressures and 
Figure 7.9 in terms of total pore pressures. Effective stress 
at a certain depth in the deposit can be computed from the 
expressions given in the above figures. For instance at x/h 


= .5 for a deposit with the following parameters, 
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The effective stress for the impervious base is 420 psf, 
whereas in the case of the pervious base, the effective stress 
would be significantly larger, about 2400 psf. The sig- 
nificance of the differences in effective stress from these 


two cases can be best illustrated by an example. 


Consider a typical deposit of slimes with the 


following properties: 


C, = 125 £t*/yr = 3.7 x 107% cm/sec, 
mM =e 206et/vr> 

= 100 ft, and 
t ="5° yr. 


The value of ma for the above case would be 16. It can be 
seen in Figure 7.8 that for an impervious base, the effective 
stress in the top 50% of the deposit is zero. In the lower 
half of the deposit, the average effective stress will be 
about 300 psf. In the case of a pervious base (Figure 7.9), 
the effective stress is zero only in the top 25% of the 
deposit. In the bottom 25% thickness of the deposit, the 
average effective stress is likely to be about 6000 psf and 
in the middle 50%, it would be about 1000 psf. On the basis 
of consolidation characteristics presented in Chapter III for 
the slimes, the net effect of all these changes in effective 
stresses is that 20% more solids can be stored in the case 


of a pervious base within the same depth of slimes. This 


difference is likely to be greater with increasing depth 
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of slimes. On the basis of the above discussion it would 
appear that in a typical high tailings dam, the depth of 
slimes may be only about 300 ft in the case of double 


drainage as compared to 400 ft for the impervious base. 


On the basis of theoretical considerations it has 
been shown that a significant amount of reduction in dam 
herent is possible with double drainage. In some cases bottom 
drainage may be feasible naturally due to a pervious 
foundation. In some other critical situations, installation 
of an underdrainage system or vertical drains (for example, 
Sand drains) may be worth considering. In any event, field 
measurements in suitable situations would be of great 
assistance in obtaining better quantitative understanding 
of the possible effects of double drainage with respect to 


the point in question. 


aes Stability of Upstream Slope 


Another interesting question can be raised in view 
of the above discussion. If slimes are to undergo large 
amounts of post construction settlements, what effect would 
this have on the stability of the upstream slope of a tailings 
dam? In the case of a dam constructed by the centreline 
technique, the stability of the upstream slope would be 
very much dependent upon the lateral support of the adjoining 
slimes. Typically, however, the slimes adjacent to the sand- 


slime interface are likely to have a high degree of con- 


uy \ 


“ne ea 


a phe) 


a 


& 


biuow +t nodeermelb eveda eat ey edt 20> a wr 
to diqeb oft  msb epatliss doit Ispigg s aig ESR qs ha 


A 












7 
eiduob 2 SBBo oid at 2% OE oda, uino. od yam 2 
.oned exdivregmd, eit xot 4% 00% ot betsqnoo: ef. 2 st 
; ' nan ‘teed "4 
i > { a 7 
asi ti dnolisxrebianos Isoisstoeds Ro ehegd od a0 a 


mh mi aoisoubex to tnvoms saso Staple p tend nwode need My 
mottod seand emoe ai .spsaistb sidyob. ddiw oldiseeq: et dipted — ” : 
i 


evolvxsg ‘6 oF eh viipauien sidiase? ed ysem spsnisth — 7 























sotselistenk ,anoltsutie Lsgottito teito emoe al , -toltsbavot — (ae P 
,elqmsxe tot) antsyh Isolsxev 206 mages evsnisubisbay a6 20 
bieit ,tneve yous at .patiebienos ittow ed yem (entexh base 

tse1rp to ed Bbinow enotteuate sidstive at ejnemexvasem 

paibastexebau evitsitiasup tested phinissdo ai consteieas 7 
o+ doegess Atiw epsaaiexb eldvuob to etoette eldiesog ond, to E 
-Moitesup al jatog, oft 


7a ; Bf A. 


eqola meottegd Yo yt titdes@) -£.h.0 
weiv ni beeisx ed msp colseeup ‘pniseeresai 19MFOKK 4, 5 
episl optebay of 9x5 nemiie 5 <a -aokeevoalb svods adie to 


bivow Sosit?e tere . stnemeltsee noitouasenoo teoq. 20 adauoms: G 
epnifiss 6 io sqole mnnange art to ysilidsse ods, ao eved) 8, ue 
enilextmes oft yd bestou7748d00. msb s to 9259. att othe sh 

ed biyow eqola masxtaqu oMz 29 aati dase, Ato | pis =? . 

| painioths sodt to sdxoqgque letetsl wits nog tnekt — 
~bnee ort of tnoosths aomile ons vxevewod yt 
“noo 10 sexpeb Agia s oved of yledkt exe, 


i 





303 


solidation during construction due to lateral drainage into 
the sand. It is anticipated, therefore, that the post 
construction settlements would be rather small at the sand- 
slime interface and would gradually increase with increasing 
distance from this boundary. This point should be, never- 
theless, thoroughly investigated in the case of a dam to be 


constructed by the centreline technique. 


The above consideration would be a strong point in 
favour of maintaining a relatively high sand to slime perm- 
eability ratio for an unimpeded drainage. A sand to slime 
permeability ratio of 100 has been suggested in a previous 
section of this chapter. For the same reasons, an impervious 
seal against the upstream slope of an embankment to be 
constructed by the centreline technique would not be 


recommended. 


In conclusion, it is to be emphasized that the 
stability of an upstream slope should be given due consider- 
ation. At the present time, the stability of an upstream 
slope is rather hastily passed over. It would be wise to 
remember that the failure of Barahona dam in Chile in 1928 
was caused by the instability of the upstream slope (Dobry 


and Alvarez, 1967). 


7.4.4 Modified Methods of Construction 


It has been indicated previously in this thesis, 
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that both existing methods of constructing a tailings dam 


have some good points and some inherent weaknesses. Neither 


method is faultless. 


The upstream method is economical but, tt has its 
limitations from the engineering point of view. It has 
been shown in a previous section of this chapter that a safe 
tailings dam can be built by this method following the basic 
principles of earth dam engineering and the proper procedures 
of materials handling. But the height to which such a dam 


can be built would be limited. 


At the present time, for the particularly high 
tailings dams at the large low-grade open pit mines, downstream 
construction would generally be recommended. A dam can be 
built by this type of construction to any height and to 
satisfy all design reqirements. Construction by this method, 
however, is more costly than that by the previous method. 
Moreover, sand shortages in this type of construction, 
particularly in the early stages of dam building, can further 
add to the cost of the facility. Several methods have been 


discussed previously to alleviate this problem. 


It appears that a desirable method might be a 
combination of the above two methods which will maintain at 
least some of the economy of the upstream construction and 


the engineering desirability of the downstream technique. 
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Two typical cases are selected for presentation purposes - 
one of a moderately high tailings dam for a medium size 
mining operation and another of a relatively high dam for 


a large open pit operation. 


First consider the case of a moderately high 
tailings dam with a rate of pond build up’ of* aboute 5" to™10 
ft/yr. Typically, the dam should be built by the upstream 
method of construction as discussed in a previous section of 
this chapter. But the ultimate HeRGHE of the dam is 
sufficiently large so that the upper portions of the dam are 
likely to be underlain by the previously deposited slimes near 
the base of the weias It is assumed, however, that the 
beach length and the back ponding can be controlled so that 
no further inclusions of slimes can occur within the 


embankment sand. 


It has been indicated that it would be feasible 
to maintain a minimum beach width of about 300 ft. Ina 
typical set up, as shown in Figure 7.10, assume a starter 
dam of a height of about 30 ft. Subsequent dykes will be 
placed as required in a typical upstream construction until 
the dam reaches its ultimate height indicated by point A in 
Figure 7.10. In the above construction however, as dyke 8 
is placed, the height of the dam reaches a critical stage 
in that the upper portion of the dam above this level will 


be underlain by previously deposited slimes if the upstream 
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method of construction is continued. From this stage onwards, 
it is suggested that construction should be no longer 
continued by the upstream technique; it should be carried out 
by the centreline technique instead and the ultimate crest 


of the dam will reach level B as shown in Figure 7.10. 


It has been suggested in the above example that 
construction may proceed by the upstream technique until the 
dam reaches a height of about 110 ft. That would mean 
construction by the upstream technique during the first 
several years of operation while the sand supply might be 
critical. After this, the construction is to be carried 
out by the centreline technique but it is felt that at least 
the sand supply is not likely to be a problem at this later 


stage. 


Now consider the case of a typical high tailings 
dam. For presentation purposes, it can be assumed that 
construction at this site would normally be carried out by 
the centreline technique. It is suggested that construction 
should commence in the usual way for the first few critical 
years. In the later stages of operation when sand yield 
begins to exceed the volume required for the normal centreline 
construction, it is suggested that further construction should 
be carried out by the downstream technique making sure that 
length of beach is maintained to at least upstream of the 


previous sand-slime interface of the centreline construction. 
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As the crest of the dam reaches point A on the downstream 
slope, it is suggested that all subsequent construction could 


be carried out by the upstream technique. 


It is anticipated that in the above sequence, it 
might be possible to construct the top 100 ft or so of the 
dam by the upstream technique. In addition to the economy 
of the upstream construction in the later stages of the 
Operation it is felt that this will perhaps allow the 
mining operator sufficient time to stabilize the downstream 


slope with erosion protection before the end of construction. 
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TABLE 7.3 Grain Size Distribution Results From 
Bethlehem Dam (Sampled July 8, 1973) 


SSS 


Sieve Feed Underflow Overflow 
Cyclone Size % % % 
+65 6.5 tino RE 
+100 14.6 29.2 9.9 
a +150 Peale 2 Snel 1 Sis.6 
+200 Ta 1235 Iya 9 
+325 Se Tal L529 
-325 30.4 le 83929 
Total 100.0 100.0 100.0 
+65 6.4 
+100 9.9 27.4 Lis 3 
+150 18.6 S63 La. 0 
II +200 1547 lize] 16.3 
+325 TS 9 8.9 m9. 0 
-325 39.9 8.3 BD. 4 
Total 100.0 100.0 OO. 0 


NOTES: 


1. Overflow product from cyclone I is the feed for 
cyclone II. 


Cyclone I Cyclone II Overall 
2. Sand Recovery 30.5% 28.5% 50.0% 
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Initial dike Compacted sands 
(After Casagrande and MacIver, 1971) 
Figure /.2A A Safe Tailings Dam Being 


Constructed by the Upstream 
Method 
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Figure 7.3 Grain Size Curves For Hydraulic 
Sand Fills 
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Figure 7.4 Photograph illustrating water accumulation 
on otherwise clean sand during sand 
placement by hydraulic fill method. 





Figure 7.5 Photograph @llustrating a thin=coating of 
fines left behind after water has 


evaporated. 
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Figure 7.6 Grain Size Distribution Curves 
(reference Section 7.3.2.2 Example I) 
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Figure 7.7 Grain Size Distribution Curves 
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CHAPTER VIII 


CONCLUDING REMARKS AND SUGGESTIONS 


FOR FURTHER RESEARCH 


It has been shown in this thesis that tailings dams 
have been constructed, in the past, with little or no regard 
to even the most basic engineering principles which are 
commonly employed in the design of earth-fill dams. For 
instance, many tailings embankments have been constructed 
with side slopes too steep to provide an adequate factor of 
safety. Also, seepage control and bearing capacity of 
foundation materials have not been given due consideration 
in many cases. It can therefore be said that until recently, 
insufficient attention had been paid to the safety of 
tailings dams. With the growing concern for the protection 
of the environment and in view of the recent failures of 
waste embankments, notably the Aberfan disaster, the design 
Gf tailings dams has come undér critical review in the last 
few years p.1t jis mow,, generally ,recognized that the 
tailings embankments must be designed as safe engineering 


structures. 


Most of the existing tailings embankments have 
been built by the upstream method using spigotting techniques 


for gravity separation of materials. The upstream method is 
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a simple technique which appears to produce economical 
construction. Careless construction by this method, however, 
has produced several unsafe tailings dams in the past. 
Proper procedures of materials handling and construction 

by this method have been discussed in this thesis. But atte 
height to which a dam can be built by this method would be 
limited. The methods of stability analysis for embankments 
to be constructed by this technique have been reviewed. It 


has been shown that the recently published work of Blight 


(1969) on the subject is in serious error. 


For the high tailings dams at some of the large low- 
grade open pit mines, the newly evolved downstream methods of 
construction are generally recommended. This type of 
construction is more desirable from the engineering point of 
view but it is also more costly than that by the method noted 
previously. Modified methods of construction have been 
suggested to combine the economy of upstream method and the 


engineering desirability of the downstream techniques. 


The single most critical factor which effects the 
cost of downstream construction is the amount of sand avail- 
able for construction purposes. As in hydraulic fills, the 
fines content in the sand appears to be commonly restricted 
to a low value of less than about 12%. It has been shown 
in this thesis that a significantly higher percentage of 


fines is acceptable in the sand to meet all possible 
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requirements relevant to design and materials handling.?" For 
the average conditions likely to exist at most tailings dams, 
about 20 to 25% fines may be accepted in the sand with an 
overriding criterion that the sand placement technique should 
be such that no segregation of fines can occur. It has been 
furthe1; shown that through the judicious use of cyclones, a 
relatively high level of sand recovery can be achieved. In 

a typical case, for instance, it may be feasible to increase 
the sand recovery by as much as 50% by this method. Combined 
with the new high percentage of fines, this would completely 
change the situation with respect to sand supply at a site. 
Furthermore, this would reduce significantly the amount of 
slimes to be stored and hence, the height of dam required 


at any stage. 


The rate of seepage flow through a tailings embank- 
ment is generally computed by a flow net analysis assuming a 
steady state seepage condition. In the fast rising ponds 
behind some of the large tailings dams, it has been found 
that the slimes are in an under-consolidated condition. The 
rate of seepage flow is, therefore, controlled by excess pore 
pressures in the slimes. A suitable formulation and an 
analytical solution is presented for computation of seepage 
flow in the above case. It has been further indicated that 
an impervious seal against the upstream slope may be only 
necessary under special circumstances. Furthermore, in 


the case of centreline construction, an impervious seal may 
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have a detrimental effect on the stability of the upstream 


slope. 


It has been shown by theoretical considerations 
that double drainage can accelerate consolidation of slimes 
during construction and can have appreciable effect on the 
height of dam required at a site. Further work, however, 
is necessary in this area, particularly with respect to 


field observations. 


In addition to the usual monitoring of seepage 
control by piezometer installations, field measurements of 
in situ density and permeability are needed to provide a 
flexible approach to the final optimum design of a tailings 
dam, Existing methods of measuring these par orpdere are 
shown to be unsatisfactory in the case of tailings dams. 
New methods have been explored, and suitable equipment and 
test techniques developed. In situ density is found using 


a nuclear probe driven into the embankment and in situ 


permeability above the water table is deduced from a constant 


head infiltration test. Both tests have been applied under 


field conditions and shown to give reliable results. 


On the basis of limited field data presented in this 


thesis, it can be tentatively concluded that on-the-dam 
cycloning produces fill densities of 45 to 55% relative 


density. These results are quite comparable to those 
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generally reported for hydraulic*filis?* "Further field 
measurements are, however, needed before firm conclusions 


can be drawn. 


A general review of earthquake effects on the 
stability of tailings dams has been presented in this thesis. 
On the basis of a review of reported case histories and the 
various criteria generally petsetnntedy it has been 
concluded that a relative density of 50 - 60% should be 
sufficient to preclude liquefaction in the case of tailings 
dams where design ground accelerations are not likely to exceed 
O0.lg. Higher densities will be needed in areas of higher 
seismicity. It has been indicated that earthquake induced 
settlements and shear displacements in the case of drained 
tailings embankments are likely to be of insignificant 
Magnitude and, therefore, are not an issue in an otherwise 


well designed tailings dam. 


It should be noted that most of the reported cases 
of earthquake related experiences have been with respect to 
natural materials. Furthermore, most of the reported research 
testing with respect to liquefaction studies has been 
performed on uniform and clean sands, generally devoid of 
fines. Research testing of actual tailings sands to simulate 


earthquake effects is, therefore, needed. 


Another issue that deserves attention is the 
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Criterion for compaction control. A minimum relative density 
is frequently used for comeacmied control in the case of 
hydraulic fills of fairly clean sand (fines content less than 
about 10%). For a higher fines content, a criterion of 
comparative compaction (for example, percentage of Standard 
Proctor Density) is often recommended. In the construction 
of tailings dams, if a high percentage of fines is to be 
accepted in the sand as suggested in this thesis, a further 


clarification of this issue is needed. 


Finally, it must be emphasized that performance 
data from tailings dams at the present time is rather scarce, 
to say the least. Various new techniques and suggestions 
have been put forth in this thesis which should improve the 
state-of-the-art of designing tailings dams. Case histories 


to record relevant performance data, however,are badly needed. 
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APPENDIX A 


GUIDELINES FOR THE DESIGN, CONSTRUCTION 
AND OPERATION OF TAILINGS IMPOUNDMENTS 
IN BRITISH COLUMBIA 





340 


( 
An engineering report can be required under the 


authority of Section 7 (3) of the Mines Regulation Act cr 
Section 6 (3) of the Coal Mines Regulation Agt to allow 

a determination to be made of the stability of a tailings 
impoundment. The engineering report should be signed by a 
professional engineer specializing in the field of soil 
mechanics and should contain the following: - 


dikes Maps and Drawings 


(a) 


(b) 


The map or maps should show the location of the 
impoundment or dam, the physical features of the 
downstream area which might be affected by any dam 
failure, and the upstream watershed draining to the 
dam structure. 


The drawings should show the layout in plan; 
typical cross-sections of all embankments, and if 
applicable, anticipated future extensions; and the 
location and design of the spillway or diversionary 
drainage to be installed at the termination of 
mining operations or on any prolonged shutdown. 
Embankment design should include information on 
heights, top width, side slopes, freeboard, seepage 
control, and protection of the embankment surfaces. 


Dre Design Analysis 


An analysis of the integrity of the proposed design. 


The information should include: - 


(a) 


(b) 


(c) 


(d) 


Results of geologic studies and site investigation 
including logs of drill holes, field permeability 
tests and ground water levels. 


Results of soil tests on foundation materials 
including shear strength and consolidation test 
data. 


Description of the engineering properties of the 
materials to be used for construction of the dam. 


Results of stability studies to assess: 
- Foundation stability and settlement 
- Slope stability 

- Surface erosion control 

- Seepage and piping 

-~ Earthquake stability 
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34 Hydrology 


A hydrological assessment of the foundations and of 
the structure is required, based on the location of the im- 
poundment. This should include surface and subsurface 
water conditions, diversion of watercourses, drainage and 
runoff from the upstream basin, and erosion control. Also 
included should be an assessment of the seepage through the 
foundation or dam itself. 


4. Construction 


An operating manual should be drawn up to show 
construction specifications, rate of construction, and 
control due to weather conditions. The supervision must 
be detailed to ensure that there is no possibility of error 
being made during site preparation and construction of the 
dam. In particular the compaction requirements must be set 
out to make certain the fill material is placed at or near 
optimum water content and in this regard details are required 
of the drying method or water addition. Density standards 
are necessary and in situ density tests of the fill should 
be outlined. 


Joe operatang Control 


Adequate instrumentation and monitoring of ground 
water and of seepage water should be provided. Any possible 
settling or movement in the foundation or the dam structure 
should be measured. Trained and adequate supervision 
to ensure the construction and operation of the impoundment 
is carried out to specifications must be provided. 
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APPENDIX B 


EQUETPMENT DETAILS 
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Protective Shield fora 
Nuclear Probe 


Nuclear Probe in position 
inside the access tube 


30" 


Access Tube 


#200 mesh screen base 


—Drain or Vacuum 


19% 
Figure B.1l Nuclear Probe Calibration Set Up 


L- e-rods rest on end plug for 
driving purposes 






Ex-Flush-Coupled 


Drill casing in 5 ft lengths. 
Couplings rebored to have 
minimum.._.L.Da@=i1.55* 


20 gauge steel access tube 
LaDy = 1.55" 


+O“ EC O2D, = 1.625? 


End Plug with conical steel point 


Figure B.2 Access Tube and Extensions 
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Figure B.3 Piezometer with Retractable Sleeve 
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Figure B.4 Constant Head Permeability Apparatus 
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APPENDIX C 


FLOW FROM A POINT SOURCE 
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FLOW FROM A POINT SOURCE 


Discharge from a point source into an otherwise 
dry soil is an axi-symmetrical seepage problem for which 
an approximate analytical solution has been given by 
Palubarinova-Kochina (1962).:> Because this reference gives 
only a brief statement of results from an earlier 
unobtainable Russian paper, details of the derivation are 
given here. 

A potential function ® and the stream function ¥ 


are defined with respect to velocity components ee and ue by 


V = ae sole 02. oie we Ce le) 
Z Z ror 
and 
ee AE pepe LO) 
VE or. or 3x 


@ is related to the piezometric head h and the 


eae eee ke = 7) © Oe ae Le. (C.2) 
Yw 


since the z axis is positive downward as shown in Figure 
4.27. 


The potential and stream functions are: 
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4 V2? + r? (z+b) ° + x? 
In (C.3) and C.4) positive values of the square roots apply. 


This affects the signs of terms used below. 


The resulting velocity components, derivable from 


Srener, (ees) or (Ces) are, 


Kq, (z+b) 
ere 2 NE ea ae ee CUS a) 
- 2 ye 2 Dia ie 8872 
(2° e+SGr°) {(zt+tb)“ + xr} 
kq 
Lbs 7 ah 
v= ; 377 : ; Eyep SOE (Ce 5b) 
Zar rs } {(z+tb)“ + r“} 


The potential function represents a source at the 
origin of strength 

ert ler, 

a sink on the z axis at z = -b of strength 


and a uniform field with velocity parallel to the positive 


z axis. The "free" streamline is aBc (Figure 4.28). 


Let the stagnation point A (Figure 4.28), be at 


Zz = -a, then from (C.4) 
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sapeikga: Sai Pz3) 


as Rae 


or 


Peeectdat ea.) ee ee Bt (C.6) 


is the value of ¥ on the free streamline. The equation of 


this streamline is, 
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As z > ~, the half width of the region of flow becomes, 
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2 2latay) (a,°-a") (a, 7-4) 
b= - 2 —_——____....... (Ca) 
2 2 
g gq 
On the z axis at z = -a, ee 0, so throm (C.5a) 
gq 
- a, - I 5 +1= 0 
a (b-a) 
or 
a’ (b=-a)?.- q(b-a) * = qa? = 0), Fo a enous. (Geis) 


Finally, for zero pressure at the stagnation point, 


# + ka = 0 
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